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 The objective of the present study was to laser process a refractory metal – 
refractory carbide alloy based on W-Ti-C ternary system for severe service applications. 
The key concept was to cast a eutectic alloy of tungsten and titanium carbide/carbonitride 
straight from the melt through laser materials processing route. In the present study, a W-
Ti-C ternary alloy has been laser processed into three-dimensional objects and surface 
protective coatings. Two novel fabrication systems were designed to build three-
dimensional objects, namely tower nozzle solid freeform fabrication system and axis-
symmetric laser powder deposition system. W-Ti-C alloy based protective coatings were 
deposited on graphite substrates, through laser melting of pre-placed powder mixture, to 
widen the use of carbon structural elements for high temperature applications. A method 
for depositing W-Ti-C alloy on steel using multi-intermediate layers strategy is discussed 
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 Materials selection for severe service applications is always a challenge to the 
scientists especially in the aerospace industry, power plants, chemical plants, oil 
refineries and tools industry. It is due to the fact that mechanical strength of metals and 
alloys decreases with increasing temperature and the properties become much more time 
dependent. The major effects of high temperature on metals or alloys are reduction in 
strength, oxidation and intergranular penetration, recrystallisation and grain growth, grain 
boundary sliding, overaging of age-hardened alloys, dislocation climb and diffusion. 
With the advent of gas turbines in the 1940’s the operating temperature exceeds 1000oC 
and that requires materials with improved high temperature strength and oxidation 
resistance. To cope with these requirements, the materials scientists worked to design 
new materials for the applications posing severe service conditions though applications 
like rocket engines still present greater problems. In addition, applications like gas 
turbines or jet engines generally expose components to loading that requires resistance to 
creep, fatigue, corrosion or super-imposed creep-fatigue interactions and creep-fatigue-
corrosion interactions [1]. Thus, the criticality of materials selection is related to the 
strength of material and its resistance to mechanical failure and chemical reactions at 
high temperatures.  
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Two important classes of materials that are used in high temperature applications 
are superalloys [2] and cermets [3]. Based on nickel, cobalt or nickel-iron, a superalloy 
typically has an austenitic face-centered cubic crystal structure that exhibits excellent 
mechanical strength and creep strength at high temperatures. Whereas, a cermet is a 
composite material composed of ceramic and metallic materials, and has the properties of 
both [4]. The metal part in a cermet works as a binder for an oxide, boride, carbide or 
alumina. Depending on the composition of the material, cermets can also be metal matrix 
composites, but cermets are normally less than 20% metal by volume e.g., WC-Co [5]. 
Cermets, though designed and best suited for cutting tool applications, are oftentimes 
preferred for severe service applications where hardness, wear and erosion resistance, and 
strength are required. They are generally formed from refractory carbide materials by 
press and sinter techniques into ceramic metal composites, commonly known as hard 
metals or as cemented or sintered carbides, where the metal phase binder acts as a 
sintering aid during fabrication and provides toughness to the resulting cermet [6]. But 
the strength and hardness of a cermet, at elevated temperatures, depends on the stability 
of metal phase in the composite. At high temperatures, the metal phase of the cermet 
starts softening, which affects the mechanical properties of the cermet and limits the 
operational range [6].  
 
 The development of castable refractory metal – refractory carbide and refractory 
metal – refractory – carbonitride alloys improved the high temperature mechanical 
properties of cermets [6, 7]. These alloys are made by casting a eutectic alloy of a 
refractory metal and a refractory carbide or carbonitride straight from the melt. One such 
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example is the W-Ti-C ternary system, investigated in detail by Erwin Rudy [7]. The W-
Ti-C eutectic point is at 2700°C with composition 58 W – 20 Ti – 22 C atomic percent. 
After casting the W-Ti-C eutectic system from its melt, the liquid solidifies to a (W,Ti) 
metal phase and a (Ti,W)C monocarbide phase. The results showed that the cast eutectic 
(W,Ti) + (Ti,W)C alloy has excellent hot hardness, and it outperforms WC cemented 
carbide counterparts at temperatures above 500°C [7]. Thus, the W-Ti-C based eutectic 
alloy is expected to have excellent high temperature erosion resistance and better high 
temperature mechanical properties than the conventional cermets.  
 
The castable refractory metal – refractory carbide materials (referred to as cast 
carbides from this point onwards) were initially developed for metal removal tool 
applications, but they are also potential candidate materials for applications requiring 
high temperature erosion resistance e.g., rocket nozzles [7, 8]. Cast carbides can be used 
either as a “three-dimensional component” or a “coating” depending upon the 
application. The two major problems associated with the fabrication of cast carbides are 
casting and forming [8]. The high melting temperature (approx. 2700oC for W-Ti-C 
eutectic point) causes problems in melt processing and casting, whereas their exceptional 
hardness limits the machinability and formability. In addition, the casting must be done 
from the melt at a very high quench rate in order to achieve a very fine distribution of 
carbide phase and capture the benefits of strength, wear resistance and toughness [8, 9].  
 
The problems associated with forming can be solved by using solid freeform 
fabrication (SFF) techniques e.g., laser enhanced net shaping (LENSTM), selective laser 
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sintering, three-dimensional printing. The high quench rates can be achieved by using 
rapid solidification processing techniques e.g., laser melting, electron beam melting, 
thermal spraying. Laser powder deposition (LPD) combines the benefits of both the solid 
freeform fabrication and rapid solidification [10]. Thus, laser powder deposition is one of 
the effective ways for producing near net shape components. On the other hand, a cast 
carbide coating can be produced by laser surface alloying technique like laser induced 
surface improvement (LISI) [9].  
 
In the present study, cast carbide based on W-Ti-C ternary system was made by 
laser processing into three-dimensional near net shape components and surface coatings. 
The laser processed cast carbide is termed as cermelt from this point onwards. The term 
cermelt was coined at the Center for Laser Applications, The University of Tennessee 
Space Institute to distinguish the laser processed cast eutectic cermets from conventional 
cast carbides and cermets.  
 
The objective of the present study is to develop cermelts in the form of three-
dimensional components and surface coatings for severe service applications. The W-Ti-
C ternary system based cermelt was built into three-dimensional components using an 
internally developed tower nozzle powder delivery system and axis-symmetric solid 
freeform fabrication technique. And, protective coatings based on W-Ti-C ternary system 
were deposited on graphite using laser induced surface improvement process to widen the 
use of carbon based structural elements for high temperature applications. A method of 
 5















































2.1 Refractory Carbide Materials 
 Refractory carbide materials are oftentimes selected for extreme environment 
applications where hardness, wear resistance and strength at high temperatures are 
required. Refractory carbide materials are usually formed by press and sinter techniques 
into ceramic metal composites (cermets), commonly known as hard metals or as 
cemented or sintered carbides, where the metal phase binder serves as a sintering aid 
during fabrication and provides toughness to the resulting cermet [6, 8]. For cutting tool 
applications, commercial sintered carbide materials usually consist of tungsten or 
titanium carbide particles dispersed in a matrix of an iron group metal, usually cobalt or 
nickel. For extreme temperature environments where the loss of strength of iron group 
metal based binders becomes significant, a refractory metal phase binder can be used 
instead.  
 
 Refractory carbide materials are processed into sintered carbide type wear-
resistant surface coatings and three dimensional sintered carbide components using 





2.2 Castable Refractory Metal - Refractory Carbide Alloys 
 Refractory carbide materials with superior hot strength and improved resistance to 
thermal and mechanical shock were achieved with the development of castable refractory 
metal - refractory carbide and refractory metal – refractory carbonitride alloys. Here, the 
essential idea is to cast, from the melt, a eutectic alloy of a refractory metal phase and its 
monocarbide or carbonitride. For example, the W-Ti-C ternary system, investigated in 
detail by Erwin Rudy, has a eutectic point at 2700 ºC and  composition (58 W - 20 Ti - 22 
C atomic %), shown in Figure 2.2(a), where a tungsten rich liquid solidifies to a 
refractory (W,Ti) metal phase and the (Ti,W)C monocarbide phase. 
 
 The cast eutectic (W,Ti) + (Ti,W)C alloy is known to have excellent hot hardness, 
outperforming WC cemented carbide counterparts at temperatures above 500 ºC, shown 
in Figure 2.2(b), and is therefore expected to have exceptional high temperature erosion 
resistance. Although developed initially for metal removal tool applications, these 
refractory metal – refractory carbide materials, referred as “cast carbides”, are also 
suitable candidate materials for rocket nozzle applications, where high temperature 
erosion is a major concern. However, the machinability and formability of these materials 
into shapes remain problematic. Their exceptional hardness severely limit the use of 
machining techniques for shaping purposes, and the high melting temperatures involved 
in making refractory cast carbide materials raise considerable melt processing and casting 
difficulties. Moreover, to create a very fine carbide phase distribution and achieve the full 
benefits of alloy strength, wear resistance and toughness, the material must be rapidly 






Figure 2.2(a). Isopleth at the pseudobinary section metal + monocarbide. β – (W,Ti) 
metal phase; δ – (Ti,W)C monocarbide phase. The W2C phase does not form within 












Figure 2.2(b). Vickers hardness as a function of temperature for commercial WC 






2.2.1 W-Ti-C Ternary Alloy System 
 Tungsten-Titanium-Carbon ternary alloy system was explored in detail by Erwin 
Rudy using melting point, differential-thermoanalytical, x-ray diffraction, and 
metallograhic techniques on hot-pressed and heat treated, and melted alloy samples [7]. 
The starting materials used were elemental powders of tungsten, titanium and graphite, as 
well as powders of titanium carbide and tungsten carbide. The hot-pressed samples were 
processed in graphite dies, and then homogenized in a tungsten-mesh-element furnace 
under vacuum (for 120 hours at 1500°C) and high-purity helium (for 20 hours at 1750°C, 
4 hours at 2000°C, and 1 hour at 2500°C) to construct the W-Ti-C phase diagram from 
1500°C to the melting point range. The isometric view of the phase diagram for W-Ti-C 















Figure 2.2.1. Isometric representation of the W-Ti-C ternary alloy system. 
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 However, the two most important phase equilibria in the W-Ti-C ternary alloy 
system that are of practical importance are:  
(a) the disproportionation of tungsten rich (more than 60 at.%) monocarbide solid 
solutions, which is used to obtain small grain size in cemented carbide tools for 
cutting applications. 
(b) the pseudobinary eutectic between tungsten-rich metal alloys and the cubic 
monocarbide solid solution, which is used to make cast carbide materials with 
superior hot strength and high resistance to thermal and mechanical shock. The 
high hot hardness, Figure 2.2(b), and hot strength  of the cast carbides are 
attributed to the small grain size of the cast metal-metal carbide structure i.e.,  
(W,Ti)+(Ti,W)C eutectic, and to the presence of a refractory metal matrix instead 
of iron metal-base binders used in the cemented carbides.  
 
2.2.2 W-Ti-C-N Cast Carbonitrides: Conventional Route Fabrication 
 The conventional route, reported by Erwin Rudy in his patent [6], for making 
castable carbonitride alloys is arc (skull) melting in a nonconsumable electrode arc 
furnace, or plasma arc melting, and casting of the melt in a water-cooled refractory mold. 
The nitrogen can be introduced either by adding TiN to the melt or by furnishing nitrogen 
cover gas above the melt at a value less than four atmospheres. It was also reported that 
induction melting in a low frequency (1-2 kHz) induction furnace using graphite mold, 
and direct resistance melting are also possible to make cast carbonitrides. As the 
mechanical properties are strongly depended on the microstructure of the alloy, the 
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eutectic or near-eutectic melts of the alloy must be cooled above 20°C per second in 
order to obtain the fine-grained microstructure.   
 
2.2.3 Effect of Alloying Additions on Performance of W-Ti-C-N Cast Carbonitrides 
(i) Molybdenum: When substituted up to 5 atomic percent of tungsten in the base alloy 
system, there is no noticeable change in performance. However, between 5 and 10 atomic 
percent, it impairs the castability, and above 50 atomic percent results in nose breakdown 
and chip welding [6]. 
 
(ii) Chromium: When substituted up to 3 atomic percent of tungsten in the base alloy 
system, there is no change in performance. However, above 10 atomic percent impairs 
the castability due to preferential vaporization of chromium during melting in the furnace 
[6].  
 
(iii) Rhenium: Cracking resistance of the material improves when added above 15 atomic 
percent in replacement for tungsten [6]. 
 
(iv) Zirconium & Hafnium: When substituted in amounts up to 5 atomic percent for 
titanium, the tool life improves, but above 15 atomic percent adversely affects the tool 
performance [6].  
 
(v) Boron: When substituted up to 3 atomic percent for carbon or nitrogen, it has no 
adverse effect on the cutting performance [6].  
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(vi) Vanadium, niobium and tantalum: There is no effect on the tool performance when 
substituted up to 5 atomic percent of titanium, whereas concentrations in excess of 10 
atomic percent result in cracking of the casting and edge-chipping of the tools [6].  
  
(vii) Oxygen: When substituted up to 4 atomic percent for carbon or nitrogen, it results in 
reduced friction and welding tendency, at some sacrifice in strength and cracking 
resistance [6].  
 
2.2.4 Other Refractory Metal – Refractory Carbide Alloy Systems 
 Other refractory metal – refractory carbide alloy systems that have been studied in 
detail are Nb-Ti-C, Mo-Ti-C, and W-Nb-C ternary alloy systems. Rudy [14, 15] 
investigated these ternary alloy systems and evaluated their phase equilibria by 
conventional melting and casting of elemental powder mixtures as well as mixtures of 
metal carbides. According to the phase diagrams, other possible refractory metal – 
refractory carbide alloy systems are Mo-W-C, Mo-V-C, V-Ti-C, Ta-Hf-C, Ti-Zr-C, V-
Nb-C, Zr-Hf-C, Ti-Hf-C, Mo-Nb-C, Nb-Zr-C ternary alloy systems. The metal phases in 
these ternary systems make binary isomorphous solid solution with each other, whereas 
the stronger carbide/carbonitride former metal forms the carbides/carbonitrides. The 
microstructure and the microconstituent phases of the solidified alloy depend upon the 





2.3 Laser - Material Interaction 
 When a laser beam or any other electromagnetic radiation interacts with the 
surface of a material, some radiation gets reflected, some gets absorbed and some gets 
transmitted as shown in Figure 2.3(a). As the radiation travels through the new medium it 
is absorbed according to Beer’s law (I=I0e-βz), where β is the absorption coefficient, 
which depends on the medium, radiation wavelength, and the intensity. Multi photon 
interactions such as Rayleigh scattering, Brillouin scattering, and Raman scattering are 
more likely to arise during materials processing as it requires high intensity levels. 
Electromagnetic radiation can be resolved into its components as electric and magnetic 
field vectors as demonstrated in Figure 2.3(b). The electric field vector of the 
electromagnetic radiation can set a small elastically bound charged particle in motion. As 
the force induced by the electric field component is very small in magnitude, it is 
incapable of vibrating an atomic nucleus and thus does not result in any heat formation.  
 
The photons of the electromagnetic radiation interact with the free or bound 
electrons, and get absorbed, which is known as Inverse Bremsstrahlung Effect. The 
electrons vibrate after absorbing photons and as a result they either reradiate in all 
directions or get restrained by the lattice phonons (the bonding energy within a solid or 
liquid structure). When they are restrained, the phonons cause the structure to vibrate and 
this vibration is transmitted through the structure by the normal diffusion type processes. 





Figure 2.3(a) An electromagnetic radiation interaction with a solid surface. 
 




The heat flow is described by Fourier’s laws on heat conduction (q/A = -kdT/dx). 
If sufficient amount energy is absorbed, the vibration becomes so strong that the 
molecular bonding is stretched and the material ceases to exhibit mechanical strength and 
eventually changes its state from solid to liquid i.e., the material melts [19]. In order to 
cause any effect on a material, the laser beam must be absorbed by the material under 
investigation, and absorption of the laser beam is the most critical and cumbersome step 
in laser processing of materials. Thus, laser processing of materials is strongly depended 
on the “absorption process”, which acts as a secondary source of energy inside the 
material, and determines the state of the irradiated material [17]. The laser for materials 
processing must be reasonably powerful in order to provide sufficient power density to 
irradiate the material and trigger the absorption process. The four laser systems that are 
widely used in industries for materials processing are CO2 laser, Nd:YAG laser, Yb-
doped fiber laser, and excimer laser (pulsed-mode). 
 
 Fiber lasers have become leading commercial candidates for numerous 
applications, including mining, tunneling, welding, brazing, cutting and drilling of rock 
and concrete, materials modification by surface alloying and cladding. They are fully 
capable of delivering adequate power with precision to distant targets by means of fiber 
optics [20]. They have higher wall plug efficiency (~30%) when compared to Nd:YAG 
laser (~5%) and CO2 laser (~10%), and improved beam quality with lower input energy 
requirements. The wall-plug efficiency of a laser system is defined as its total electrical-
to-optical power efficiency.  
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Figure 2.3(c) shows the comparison of energy required to generate a 4.0 kW beam 
from lamp pumped Nd:YAG (LP:YAG), diode pumped Nd:YAG (DP:YAG), carbon 
dioxide (CO2), and Yb-doped high power fiber laser (HPFL) [21]. Moreover, fiber lasers 
offer greater mobility and durability through a smaller overall size and solid state design. 
In addition, with projected diode failures exceeding 50,000 continuous hours, little or no 
maintenance is expected [21].  
 
In the present study, a solid state ytterbium-doped fiber laser (YLR-1000 from 
IPG Photonics Corporation) of 1075±5 nm wavelength has been used for laser melting, 
laser coating, and making three-dimensional objects of W-TiC alloy systems. Also, a 
3kW neodinium-doped yttrium aluminum garnet laser has been used to make three-
















Figure 2.3(c). Comparison of energy required to generate a 4 kW output beam for 
four different laser systems (lamp pumped YAG laser (LP:YAG); diode pumped 











2.4 Solid Freeform Fabrication Techniques: A Brief Survey 
Several solid freeform fabrication (SFF) techniques have been developed 
specifically for feedstock materials in powder form [22]. Three-Dimensional Printing 
(3DP) techniques [23, 24] use ink-jet printing technology to bind metal, ceramic or 
polymer powders and form three-dimensional shapes. Selective Laser Sintering (SLS) 
[25] produces parts in elastomer, polycarbonate and nylon by laser processing powder 
forms of these materials. Electron Beam Melting (EBM) [26, 27], Laser Powder 
Deposition (LPD) techniques [28-32] derived from the blown powder laser cladding 
technique [33], and several variations of SLS [25, 34], including Selective Laser Melting 
[35] and Direct Metal Laser Sintering [36], are used to consolidate loose metal powders 
into solid three-dimensional parts.  
 
A discussion on the two most common forms of delivering the feedstock powders 
during SFF can be found in reference [37]. The pre-placed powder bed strategy is used in 
SLS, EBM and drop-on-powder 3DP [23]. Here, a thin and flat layer of feedstock 
powders is spread evenly over the previous layer of processed material, using either a 
scraper or a roller. The powders are then consolidated and the process repeated until the 
final shape is obtained. For SLS, this feedstock delivery strategy allows laser processing 
to be performed using a galvo-mirror scan head. In other cases feedstock delivery and 
consolidation are performed simultaneously and without scrapers and rollers. In drop-on-
drop 3DP [23], the feedstock powders are fed directly through the print head. In LPD, the 
feedstock powders are injected directly into the laser beam generated melt pool via a 
powder feeding nozzle. Although simple to implement, the lateral powder feeding nozzle 
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configuration [38-41] has scan-direction dependent deposition rates, clearly reported in 
references [38, 41], and is therefore not suitable for most LPD applications. The 
limitations of this configuration, discussed in detail in reference [42], were overcome 
with the introduction of coaxial powder feeding nozzles that enable omni directional 
materials deposition. Coaxial nozzles have either a conical design, such as reported in 
[43], or a four lateral nozzle configuration as the one used in the LENS system [29]. 
Another feedstock delivery strategy, explored by Arcella, Whitney and Krantz during 
their initial work on the laser forming process [44], involves fluidizing the powders 
within the laser processing area. Despite the potential to deliver and fuse the feedstock 
powders simultaneously and without interruptions, the fluidized bed approach has 
apparently been abandoned.  
  
 In the present study, two new solid freeform fabrication techniques have been 
designed to make three-dimensional components, namely tower nozzle solid freeform 
fabrication system and axis-symmetric solid freeform fabrication system. Both these 
systems have unique features and advantages over existing solid freeform fabrication 
systems.  
 
2.5 Graphite: A Potential High Temperature Structural Material 
 One of the three forms of carbon – graphite – is known for its exceptional 
chemical and physicomechanical properties viz. low elastic modulus, low coefficient of 
thermal expansion, high thermal conductivity, high specific heat, and high resistance to 
thermal shock [45, 46]. Other key properties that make graphite a potential structural 
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material are its low specific gravity, good machinability and fairly high strength which 
sharply increases with rising temperature. It has been reported that at 2500oC graphite is 
twice as strong as at room temperature [47]. However, graphite and other carbon 
materials suffer low resistance to oxidation at high temperatures and low resistance to 
abrasive wear and erosion [48], which limit the usage of graphite as a structural material 
at elevated temperatures. One of the ways to improve the oxidation resistance of graphite 
is by depositing a protective film/coating on its surface. Some of the coatings studied 
earlier are based on carbides and borides of transition metals (Ti, Zr and Cr) and nitrides 
of aluminum, boron, silicon and titanium. Among others are SiO2, SiC, Si3N4, rhenium, 
iridium, BN, and glazing coatings based on refractory oxides [46]. The real-time 
performance of these coatings is strongly dependent on their adhesion with the substrate, 
and adhesion of any of these coatings is a strong function of their ability to form chemical 
bonds. Most metals do not wet graphite adequately and hence cannot be deposited easily. 
However, transition metals are capable of forming stable chemical bonds with carbon and 
wetting graphite to form well adhered coatings [46].  
 
 Other potential coating materials for graphite are sintered refractory carbides and 
castable refractory carbides/carbonitrides or cermelts. In the present study, W-Ti-C based 
cermelt coatings were deposited on graphite substrates using two different strategies. In 
first strategy, the coating was deposited straight on graphite, whereas in second strategy, 
a titanium intermediate layer was first deposited on graphite prior to the deposition of the 
main coating.  
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Cylindrical components of W-Ti-C based alloy systems were also made on 
graphite mandrels. Graphite mandrel was chosen because it offers three advantages: (i) it 









































   
In most of the cases, laser processing was done using a solid state ytterbium-
doped fiber laser (YLR-1000 from IPG Photonics Corporation) of 1075±5 nm 
wavelength for solid freeform fabrication and depositing surface coatings based on W-Ti-
C cermelt. W-Ti-C cermelt coatings were deposited on graphite substrates and some 
attempts were also made to deposit them on steel substrates. The laser beam profile was 
near-Gaussian in nature and the spot shape was near-circular as shown in Figures 3.1 and 
3.2. The laser beam was scanned along the processing region with the help of galvanic 
scan mirrors (ScanLabs Hurryscan30). The values of four different process parameters, 
namely laser power, scanning speed, track overlap (referred to as hatch from this point 
onwards), and laser spot size were varied in order to obtain the optimum results. The 
hatch is defined as the distance between the centerlines of the laser beam in subsequent 
passes as shown in Figure 3.3 and can be correlated to the degree of overlapping of the 
subsequent laser melted tracks; linear overlap can be calculated as 2r – h, where r is the 
laser beam radius and h is the hatch. The vacuum chamber used in the experiments 
integrated with the overhead assembly of fiber laser and galvanic scan mirrors is shown 
in Figure 3.4. The vacuum chamber was technically designed to perform solid freeform 
fabrication (SFF) in addition to laser surface alloying. Laser processing of W-Ti-C 
cermelt was done in an inert atmosphere using industrial grade nitrogen or argon gas.  
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A 3kW neodinium-doped YAG Hobart laser of 1064 nm wavelength was also 
used to make three-dimensional axis-symmetric objects on graphite mandrels. The 
experimental samples were processed in a water-cooled vacuum chamber in an inert gas 
atmosphere to avoid oxidation. Figure 3.5 shows the axis-symmetric laser powder 
deposition apparatus used for making axis-symmetric objects.   
 
The starting materials used to make W-Ti-C cermelt three-dimensional 
components and surface coatings on graphite were tungsten and titanium carbide. The 
desired chemistry of W-Ti-C cermelt was aimed at the eutectic composition (58 W – 20 
Ti – 20 C atomic percent) as per the phase diagram shown in Figure 2.2(a).   
 
3.1 Problems with Graphite and Titanium Carbide.  
 Graphite and titanium carbide have a common problem when exposed to 
laser radiation: carbon evaporation. Carbon evaporation is a result of their high optical 
absorptivity (0.8 - 0.9 for graphite [49] and 0.8 for titanium carbide [50]). Carbon 
evaporation in case of graphite leads to adhesion problem of the deposit, whereas in case 
of titanium carbide leads to its dissociation and change in stoichiometry. This problem of 
carbon evaporation can be solved by making a barrier coating on the surface of material 
to be protected. The barrier coating on the material surface prevents its direct exposure to 
laser radiation and protects it from carbon evaporation. In the present study, graphite is 








Figure 3.1. Beam profile of the fiber laser taken at 175W using BeamScan® (model: 
XYLAFIR) by Photon, Inc. It shows the near-Gaussian distribution of the beam 















Figure 3.2. Beam intensity profile of the fiber laser taken at 175W. The beam radius is 















Figure 3.3. The “hatch” is defined as the distance between the centerlines of laser 















Figure 3.5. Axis-symmetric laser powder deposition apparatus used to make axis-symmetric objects on graphite 
mandrels. The overhead laser optics assembly is connected to a 3kW Nd:YAG Hobart laser.  
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In case of graphite mandrels for laser powder deposition, feedstock powders are 
first sprayed by the LISITM process on graphite mandrels and then induction heated using 
a high frequency (3-phase/64 amps/25.4 KVA) solid state induction power supply (model 
T-10-3-KC-TL by LEPEL Corporation). Induction heating is done to enhance the 
adhesion of feedstock powders on graphite mandrel and make a hard barrier coating. The 
induction heating unit used in the experiments is shown in Figure 3.6. A hard barrier 
coating on graphite mandrel is required to withstand the erosion caused by the powders 
blown by nozzle during laser powder deposition process. The feedstock powders used to 
make the barrier coatings depend on the chemistry of the final component to be made. 
For laser powder deposition of tantalum and molybdenum on graphite mandrels, barrier 
coatings based on tantalum and molybdenum, respectively, were made. In case of W-Ti-
C cermelt on graphite mandrels, a barrier coating based on titanium was made.     
 
In the present study, nanoencapsulated tungsten coated titanium carbide (W-
coated TiC) powders were used in place of pure titanium carbide to avoid the problem of 
carbon evaporation due its dissociation. Nanoencapsulated tungsten coated titanium 
carbide powders (APS powders) were produced by Advanced Powder Solutions, Inc. 
(APS) using a fluidized chemical vapour deposition process [51, 52]. The interface of 
these powders has a melting temperature (~2700 ºC) much lower than that of tungsten 
(~3422 ºC) and titanium carbide (~3160 ºC). A pictorial description and an SEM view of 





Figure 3.6. Induction heating unit used in the experiments showing induction heating of a 






Figure 3.7. APS nanoencapsulated W-coated TiC powders by Advanced Powder Solutions, Inc. 
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3.2 Powder Compact Trials: W-Ti-C Cermelt 
 Initial trials on W-Ti-C cermelt were done on powder compact beds to compare 
the results with that obtained by conventional casting process done by Erwin Rudy in 
1970s. Powder compacts were made by mixing tungsten (manufactured by Alfa Aesar ) 
of size -325 mesh size and titanium carbide (manufactured by Cerac Inc.) of size -325 
mesh size with 20-30 wt.% i-9 water-based binder (Warren Paint and Co., Nashville). 
The powder bed compacts were made in a copper gasket of thickness 2 mm on a 6 mm 
AISI 4140 steel substrate. The compacts were then dried under a heat lamp for several 
hours. The resulting powder beds were then laser processed in a water-cooled vacuum 
chamber in 400 torr nitrogen atmosphere. The vacuum chamber used for laser processing 
is shown in Figure 3.4.  
 
 
3.3 Tower Nozzle Solid Freeform Fabrication 
A special nozzle was designed to perform solid freeform fabrication inside the 
chamber. This nozzle was termed as “tower nozzle” and it has the ability to dispense 
alloying powder in the processing area homogenously with a constant build-up rate. The 
construction and working of the tower nozzle is described in [51]. In brief, a fluidized 
powder stream is injected through this nozzle on the processing area inside a cylindrical 
confinement. Confinements of different sizes were used to achieve different powder 
build-up rates. To perform the solid freeform fabrication, the laser optics assembly (also 
called as scan head) is moved up at the same rate as that of the powder build-up. This is 
done in order to maintain the laser spot size at a constant value when the component 
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builds up. Initial trials on tower nozzle powder delivery system done with high speed 
H13 steel powder proved its potential to perform solid freeform fabrication.  
 
Simple thin wall shapes of laser melted and consolidated W and TiC powders 
were built, layer by layer, on a water cooled AISI 4140 steel plate in the vacuum chamber 
shown in Figure 3.4. A mixture of sifted 45-53 μm tungsten (manufactured by Alfa 
Aesar; -325 mesh size) and 53-75 μm TiC (manufactured by Cerac, Inc.; Product ID: T-
1222; -140 +325 mesh) powders were fed into a nitrogen gas stream using a pneumatic 
Optomec powder feeder and sprayed continuously into the work area during laser 
processing using a tower nozzle. The laser beam was focused into a 0.9 mm wide spot 
and scanned at 5 mm/s. Several laser powder deposited parts were built in 600 torr 
nitrogen atmosphere using different laser beam power settings and powder feed rates, and 
are shown in  Figure 4.2.1(a). 
 
3.4 Axis-symmetric Laser Powder Deposition 
 The axis-symmetric laser powder deposition was done inside an indigenously 
developed vacuum chamber as shown in Figure 3.5, and it is different from tower nozzle 
solid freeform fabrication in terms of powder feeding and laser processing system. In this 
technique, three-dimensional shapes with cylindrical symmetry were built on graphite 
mandrels by laser melting a continuous powder feedstock mix delivered in fashion very 
similar to LENSTM solid freeform fabrication technique. Here, the objective was to make 
a W-Ti-C cermelt prototype rocket nozzle on a graphite mandrel to find a cost effective 
alternative to rhenium based rocket nozzles. The construction and working of the axis-
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symmetric laser powder deposition system is explained in reference [52]. Initial trials on 
axis-symmetric laser powder deposition system were done using molybdenum and 
tantalum powders, and then W-TiC cermelt on graphite mandrels.  
  
3.4.1 Trials with Mo and Ta Laser Powder Deposition  
As described in section 3.1, graphite mandrels for laser powder deposition are 
first prepared by making induction hardened barrier coatings on their surface. For initial 
trials with molybdenum laser powder deposition, a barrier coating was made from 
molybdenum powders. It was made by spraying a 100 μ layer of -325 mesh size 
molybdenum powder (manufactured by Climax Molybdenum Company) mixed with 
some water-soluble binder followed by induction heating for 5 hours in an induction 
heating unit as shown in Figure 3.6. Laser powder deposition of molybdenum was done 
on a molybdenum coated graphite mandrel at 1600-1800 Watts. The graphite mandrel 
was moved at a rotational speed of 0.2 rotation/sec and a linear speed of 0.2 mm/s to 
produce a 20 mm long deposit. Analogous to molybdenum, a barrier coating for tantalum 
laser powder deposition was made from tantalum powders. It was made by spraying a 
200 μ layer of -325 mesh size tantalum powder (manufactured by Cerac, Inc.) mixed with 
some water-soluble binder followed by induction heating for 5 hours in an induction 
heating unit as shown in Figure 3.6. An example of induction hardened barrier coating on 
a graphite mandrel is shown in Figure 3.8. Laser powder deposition of tantalum was done 
on a tantalum coated graphite mandrel at 1200-1400 Watts. The graphite mandrel was 
moved at a rotational speed of 0.2 rotation/sec and a linear speed of 0.2 mm/s to produce 
a 30 mm long deposit.  
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3.4.2 W-TiC Laser Powder Deposition on Graphite Mandrels 
 In case of W-TiC cermelt laser powder deposition, a titanium based barrier 
coating was made on a graphite mandrel by induction heating a 200 μ thick layer of 
titanium. Laser powder deposition of W-TiC was done by blowing a mixture of 75 wt.% 
tungsten (32-38 μ) and 25 wt.% APS tungsten coated titanium carbide (75-106 μ) 
powders. Laser processing was done at 1200-1600 W to obtain fully melted structure. 
The mandrel rotational speed was kept constant at 0.2 rotation/sec with a linear speed of 
0.2 mm/s to produce a 30 mm long deposit. 
 
3.4.3 W-TiC Cermelt Deposits on Graphite Mandrels.  
 W-TiC cermelt cylindrical deposits were made on graphite mandrels by laser 
processing barrier coatings based on W-TiC eutectic composition on graphite mandrels. 
The experiments were performed in the axis-symmetric laser powder deposition 
apparatus (Figure 3.5), but in this strategy no powder was blown from the nozzle. This 
strategy was adopted to defeat the problems of powder segregation as explained in 
section 4.3.2. In the first attempt, a 0.6 mm barrier coating of W-TiC eutectic 
composition was made by induction hardening on a graphite mandrel. A 30 mm long and 
300 μ thick cylindrical deposit was made by laser processing at 1500 W. In the second 
attempt, a 1.3 mm barrier coating of W-TiC eutectic composition was laser processed at 








Figure 3.8. An induction hardened barrier coating on a graphite mandrel. 
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3.5 W-Ti-C Cermelt Coatings on Graphite Plates 
 For depositing W-Ti-C cermelt coating on graphite two different strategies 
were used. In first case, the W-Ti-C cermelt coating was deposited directly on the 
graphite substrate using LISITM process. In second case, a barrier coating based on 
titanium was deposited prior to the deposition of W-Ti-C cermelt coating. Unlike axis-
symmetric laser powder deposition on graphite mandrels where a barrier coating is 
induction hardened prior to laser powder deposition, here a barrier coating is laser 
deposited on graphite substrate i.e., the barrier coating is fully melted and metallurgical 
bonded to graphite.  
 
The graphite substrates used in experiments were semiconductor grade graphite 
plates (manufactured by Poco Graphite, Inc.) of thickness 6 mm. They were sand blasted 
before the experiments to give them a matt finish in order to enhance the adhesion 
properties. Laser processing was done inside a water-cooled chamber shown in Figure 3.4 
with a 1kW YLF-1000 (IPG Photonics Corporation) fiber laser. The laser processing 
system and the laser beam characteristics are explained in detail in the beginning of 
chapter 3. The laser beam was scanned along the processing region by galvanic scan 
mirrors (ScanLabs HurryScan30). The values of laser power, scanning speed, focal spot 
size, and hatch were varied for screening purpose in order to obtain optimum results with 





3.5.1 W-Ti-C Cermelt Coating Straight on Graphite Substrate 
The W-Ti-C cermelt precursor was made by mixing nanoencapsulated powder of 
tungsten coated titanium carbide (referred to as APS powder, manufactured by Advanced 
Powder Solutions, Inc.) of size approximately 10 microns with 75 wt.% i-9 LISITM binder 
(Warren Paint and Color Company, Nashville, TN) as shown in Table 3.5.1(a). The 
precursor mixture was applied on the graphite substrate with a paint brush to 
approximately 300 microns thickness, and then dried under heat lamp for several hours 
before laser processing.  Laser processing was done in nitrogen atmosphere maintained at 
400 torrs inside a vacuum chamber and a focal spot size of 1.5 mm for all the 
experiments. The screening parameters used for processing in initial trials are shown in 
Table 3.5.1(b).  The optimized processing parameters found are shown in Table 3.5.1(c).  
 
Table 3.5.1(a): Precursor mixture composition for W-Ti-C cermelt coating on graphite. 
 
W-Ti-C coating precursor = 8 gms APS powder + 6 gms i-9 LISITM binder 
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3.5.2 W-Ti-C Cermelt Coating on Titanium Coated Graphite 
 
 W-Ti-C cermelt coating on titanium coated graphite was done in two stages. First, 
a titanium barrier coating was deposited on graphite substrate and then the final W-Ti-C 
cermelt coating was deposited on titanium coated graphite. Titanium barrier coating 
precursor was made by mixing titanium (manufactured by CERAC Inc.) of mesh size -
325 with 60 wt.% i-8 LISITM binder as shown in Table 3.5.2(a). The precursor mixture 
was sprayed on sand blasted graphite substrates with the help of an air spray gun 
(Crescendo®, Model 175 by Badger Air-Brush Co., IL), and then dried under a heat lamp 
for several hours before laser processing. The values of laser power, scanning speed, 
track overlap, and laser focal spot size values were varied for screening in initial trials 
and are shown in Table 3.5.2(b) and the optimized parameters found are shown in Table 
3.5.2(c). After laser processing titanium barrier coating on graphite surface, precursor 
mixture for W-Ti-C cermelt coating was sprayed on titanium coated graphite. The W-Ti-
C precursor was made by mixing APS powder of approximate size 10 microns and 
tungsten (manufactured by Alfa Aesar GMBH & Co KG) of size 12 microns with 33 
wt.% i-8 LISITM binder as shown in Table 3.5.2(d), and then dried under a heat lamp 
before laser processing. The original nanoencapsulated tungsten coated titanium carbide 
powder (APS powder) is TiC rich which shifted its stoichiometry to hypereutectic region. 
Thus, additional tungsten was added to the APS powder in order to shift the 
stoichiometry of the precursor mixture closer to the eutectic point at 85.55 wt.% W and 
14.45 wt.% TiC. This new mixture was termed as modified APS powder, which was near 
eutectic as per the phase diagram shown in Figure 2.2(a). The screening parameters and 
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optimized parameters for laser processing of W-Ti-C cermelt coating on titanium coated 
graphite are shown in Tables 3.5.2(e) and 3.5.2(f), respectively.  
 
 
Table 3.5.2(a): Precursor mixture composition for titanium intermediate coating on 
graphite. 
 
Ti intermediate layer precursor = 10 grams Ti + 6 grams i-8 LISITM binder 
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Table 3.5.2(d): Precursor mixture composition for W-Ti-C cermelt coating on titanium 
coated graphite. 
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3.6 W-Ti-C Cermelt Coatings on Steel 
 The eutectic of the W-Ti-C ternary system is at 2700°C with the composition 58 
W – 20 Ti – 22 C atomic percent (Figure 2.2(a)). The laser surface alloying of such a 
high-melting-point alloy directly on steel, whose melting point is approximately in the 
range 1450°C to 1550°C, can cause serious fabrication problems. The two major 
concerns are dilution and formation of stable intermetallics between Fe & W and Fe & 
Ti. The dilution is caused by alloying of the coating elements with the substrate elements 
and it cannot be completely eliminated because of the nature of the laser surface alloying 
process. In some cases, it can only be reduced to a certain extent by optimizing the 
processing parameters in such a way that the desired coating properties are not much 
affected due to alloying. However, laser deposition of W-Ti-C based high-melting-point 
cermelt directly on steel causes high dilution because of large difference between the 
melting points of the W-Ti-C precursor material and the steel substrate. Fe and W form 
three intermetallics, namely λ phase (Fe2W), δ phase (FeW), and μ phase (Fe7W6) and 
can be seen in the Fe – W binary phase diagram [53]. λ phase (Fe2W) and δ phase (FeW) 
are stable low temperature intermetallics that can exist at room temperature, where as μ 
phase (Fe7W6) is a high temperature intermetallic. Fe and Ti form two stable 
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intermetallics, namely TiFe and TiFe2 [55]. Intermetallics are highly ordered structures 
that are brittle in nature and are not desired in coatings.  
 
One of the best ways to deposit such a high melting point alloy coating on steel is 
the deposition of intermediate layers between steel and the main alloy coating. In the 
present study, molybdenum-on-chromium dual coating was deposited on AISI 4130 alloy 
steel where chromium is the intermediate layer between the substrate and molybdenum 
coating. First, a chromium coating was deposited on steel using the Cr-CrB2 eutectic 
composition, and subsequently a molybdenum coating using the Mo-MoB eutectic 
composition was deposited on the chromium layer. The chromium intermediate layer and 
the molybdenum final coating chemistries are based on their eutectic systems with boron 
(i.e. Cr-B and Mo-B eutectic systems). This helps in two ways: (i) by reducing the 
melting point of the alloy, and (ii) by increasing the hardness by solid solution 
strengthening. As a eutectic mixture melts at a temperature lower than its constituent 
elements, it further reduces dilution in the coating due to melting of the substrate. Cr-B 
eutectic (Cr-3.1wt.% B) melts at ~1630oC and Mo-B eutectic (Mo-3wt.% B) melts at 
~2180oC [55]. CrB2 and MoB have been used as sources of boron for the chromium layer 
and the molybdenum coating, respectively instead of elemental boron. We made use of 
Cr-CrB2 eutectic composition to make the intermediate layer and Mo-MoB eutectic 
composition to make the main coating. Laser processing was done in the apparatus shown 
in Figure 3.4. The details of molybdenum-on-chromium dual coating on steel are 
discussed in detail in reference [56]. However, only important results of this experiment 
are presented in section 4.5.  
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CHAPTER 4 
RESULTS & DISCUSSION 
 
 Section 4.1 presents results and discussion on powder compact bed trials done on 
W-Ti-C cermelt using tungsten and titanium carbide as the starting material. Section 4.2 
presents results of tower nozzle solid freeform fabrication of W-Ti-C cermelt thin wall 
structures. The first part of section 4.3 presents results on trials done on axis-symmetric 
laser powder deposition of tantalum and molybdenum on graphite mandrels; whereas the 
second part deals with laser powder deposition of W-Ti-C cermelt rocket nozzles on 
titanium coated graphite mandrels. The first part of section 4.4 presents results on W-Ti-
C cermelt coating deposited straight on graphite substrate and the second part presents 
results on W-Ti-C cermelt coating deposited on titanium coated graphite substrate. 
Section 4.5 presents a possible method of depositing W-Ti-C cermelt coating on steel by 
adopting the strategy of depositing compatible intermediate layers prior to the deposition 
of the main coating. This section presents some selected results of molybdenum-on-








4.1 Powder Compact Trials: W-Ti-C Cermelt 
The starting material used in the trials for making W-Ti-C cermelt was a mixture 
of tungsten and titanium carbide powders (as described in section 3.1) instead of 
elemental powders as used in the conventional method i.e., centrifugal casting in a 
graphite mould. Laser processing was done in a 400 torr nitrogen atmosphere inside a 
water-cooled vacuum chamber to avoid the formation of any oxidation products in the 
final material. A W-TiC powder compact bed with several laser processed test patches 
made at different sets of processing conditions is shown in Figure 4.1(a).  
 
4.1.1 Microstructural Characterization 
Samples exhibiting a refractory cast carbide microstructure were obtained after 
processing the W-TiC powder compacts at 5 – 20 mm/s with 400 – 500 W laser beam 
focused into a 1.5 mm circular spot and using a hatch spacing of 0.4 – 0.7 mm between 
consecutive laser passes. A cross-sectional view of a layer of laser consolidated materials 
is displayed in Figure 4.1(b) and it shows two distinct regions that are present within the 
consolidated layer. The lower section presents a sintered carbide type microstructure 
formed by partial melting of the precursor powders during laser processing. The upper 
section presents a microstructure consisting of primary dendrites of (Ti,W)C surrounded 
by the (W,Ti) + (Ti,W)C eutectic as shown in scanning electron micrographs in Figures 




Figure 4.1(a). A W-TiC powder compact bed made by mixing tungsten and titanium carbide powders with i-9 








Figure 4.1(b). An SEM cross-sectional view of a laser processed W-TiC powder compact. The lower section of this layer 
consists mostly of unmelted W (light grey) and TiC (black) particles. A higher magnification image of the upper section is 







Figure 4.1(c). An SEM micrograph of the cast carbide microstructure formed by laser 
processing a mixture of tungsten and titanium carbide powders. Dark areas are 
primary dendrites of (Ti.W)C. Light areas are the (W,Ti) + (Ti,W)C eutectic, seen in 











Figure 4.1(d). An SEM image of the eutectic structure of the cast carbide. The light 











 The chemical composition of the W – TiC powder mix used was hypereutectic 
and according to the phase diagram, refer Figure 2.2(a), the first solid phase to form from 
the liquid phase during solidification is the (Ti,W)C ceramic phase. Thus, according to 
this phase diagram, the resulting microstructure should consist of the carbide phase and 
the eutectic of metal and carbide phases, which can be seen in Figures 4.1(c) and 4.1(d). 
The cast carbide microstructure, shown in Figure 4.1(c), appears only in regions where 
the precursor powders underwent complete melting prior to resolidification. The eutectic 
phase has a lamellar structure and in fact in some locations it appears to have a divorced 
structure as well.  
 
4.1.2 Microindentation Hardness 
Microindentation hardness testing was done on a LECO LM 300AT 
microhardness tester, integrated with LECO AMH32 software, under a load of 100 gf for 
15 seconds using Vickers indenter. Microhardness measurements performed on the cast 
carbide material revealed a hardness ranging typically between 1100 and 1300 HV, 
which is consistent with the data reported by Rudy et al [7] as shown in Figure 2.2(b). 
The scanning electron micrograph of the microhardness indentation on the cast carbide 










Figure 4.1(e) An SEM image of a Vickers microhardness impression on the cast 







4.2 Tower Nozzle Solid Freeform Fabrication 
 Tower nozzle solid freeform fabrication of W-Ti-C cermelt was done at different 
processing conditions to find the optimum results. Initial trials were done using a mixture 
of tungsten, titanium, and carbon nanoparticles, but melting and retaining carbon in the 
solution to form carbides and carbonitrides was a problem. To avoid this problem, the 
starting material used was a mixture of tungsten and titanium carbide, where titanium 
carbide becomes the source of carbon to form carbides or carbonitrides.  
 
4.2.1 Microstructural Characterization 
SEM analysis was done on an ISI Super IIIA Scanning Electron Microscope 
equipped with IXRF Energy Dispersive Spectrometer (version 1.3 RevP). Cross-sectional 
samples were cut, mounted on bakelite using hot press, ground and polished down to 
emery grit number 1200 followed by cloth polishing. Finally, they were etched with 
modified Murakami’s reagent to reveal the microstructure. Figure 4.2.1(b) shows the 
scanning electron micrograph (taken at 300X magnification) of the cross-section of W-
Ti-C thin wall structure made by tower nozzle solid freeform fabrication technique at 450 
Watts laser beam power. It shows the presence of fine dendrites of (Ti,W)C in a matrix of 
eutectic alloy of (W,Ti) + (Ti,W)C, similar to what was seen in case of powder compact 
trials. The materials thus produced do present some inhomogeneities, such as small 
unmelted regions, and cracks that appear mainly along the interface between adjacent 






















Figure 4.2.1(b) An SEM cross-sectional view of the microstructure of a laser powder 





































4.2.2 Microindentation Hardness 
The microhardness obtained was in the range 1150 to 1500 VHN, very similar to 
that measured for compact powder bed trials. The scanning electron micrograph shown in 
Figure 4.2.1(a) shows the microhardness indentations and their hardness values. Some 
indentations interfered with the cracks present in the material and could have affected the 
hardness values. Overall, the microhardness values range measured is consistent with that 




4.3 Axis-symmetric Laser Powder Deposition 
Section 4.3.1 shows the results of trials done with laser powder deposition of 
molybdenum and tantalum on graphite mandrels. Section 4.3.2 presents results of three-
dimensional W-Ti-C cermelt on titanium coated graphite mandrel.  
 
4.3.1 Trials with Mo and Ta Laser Powder Deposition  
A 20 mm long molybdenum deposit was made on a 100 μ molybdenum coated 
graphite mandrel and is shown in Figure 4.3.1(a). Figure 4.3.1(b) demonstrates a 30 mm 
long tantalum deposit made on a tantalum coated graphite mandrel. This part presents a 
fully melted microstructure except for a narrow region near to the interface with the 
graphite mandrel as shown in Figure 4.3.1(c). The tantalum deposit thus produced 
presents no cracks. The trial results show that the axis-symmetric laser powder deposition 
apparatus is qualified to perform laser powder deposition to make W-TiC cermelt 






















Figure 4.3.1(b) A 30 mm long tantalum cylinder made using -80/+270 mesh tantalum 















Figure 4.3.1(c) An SEM cross-sectional view of the microstructure of the laser 







4.3.2 W-TiC Laser Powder Deposition on Graphite Mandrels 
Initial trial was done at 1200W laser beam power and a 30 mm long cylinder was 
made on a titanium coated graphite mandrel as shown in Figure 4.3.2(a). This part 
presents a sintered type microstructure formed by partial melting of the feedstock 
powders during laser processing, as seen in Figure 4.3.2(b). The laser beam power was 
raised to completely fuse the feedstock powders. At 1400 W, most of the feedstock 
powders melt under the action of the laser beam, as seen in Figure 4.3.2(c). Here, only 
the region closest to the graphite mandrel surface presents unmelted feedstock particles. 
The fully melted region presents a microstructure of fine (Ti,W)C surrounded by the 
(W,Ti) + (Ti,W)C eutectic, as observed previously in reference [8]. One also notes the 
presence of cracks within the fully melted material, which do not appear to propagate into 
the partially melted region. Parts produced at 1400 W were more brittle than those 
produced at 1200 W. A fully melted but brittle microstructure was obtained when the 
feedstock powders were laser processed at 1600 W as shown in Figure 4.3.2(d). The 
obtained microstructure presents various defects at the interface where consecutive laser 








Figure 4.3.2(a) A 30 mm long cylinder produced using a ¾ (32-38 mm W) + ¼ (75-















Figure 4.3.2(b) An SEM view of the microstructure of the laser powder deposited material shown in Figure 4.3.1(a). One the 
left, one can clearly observe unmelted feedstock particles. On the right, one can observe the fine (W,Ti) – (Ti,W)C eutectic 


























4.3.3 W-TiC Cermelt Deposits on Graphite Mandrels.  
 Laser powder deposition of W-TiC results in segregation of tungsten and tungsten 
coated titanium carbide (APS) powders inside the hopper. The segregation happens 
because of a large difference in densities of tungsten (~18 g/cc) and APS powders (~6.3 
g/cc). As a result of this segregation, the chemistry of the blown powders changes, which 
after laser melting and solidification gives different microstructures. The SEM 
micrograph of W-TiC deposit in Figure 4.3.2(c) shows two regions of different 
microstructures and chemistries. There are two ways to defeat this problem: (i) use 
different hoppers for powders of different densities, and (ii) laser process a thick barrier 
coating itself without blowing any powder. In fact, the second way changes the concept 
and the processing no longer remains laser powder deposition. In the present study, we 
processed thick barrier coatings based on W-TiC eutectic composition straight on 
graphite mandrels. In the first attempt, a 0.6 mm thick induction hardened W-TiC barrier 
coating was laser processed at 1500 W to produce a 30 mm long and 300 μ thick 
cylindrical deposit on a graphite mandrel as shown in Figure 4.3.3(a). The deposit thus 
produced was fully melted and resolidified as shown in Figure 4.3.3(b). The 
microhardness of the deposit was found to be in the range 1100 – 1300 VHN, which 
corroborates with the results obtained earlier (sections 4.1.2 and 4.2.2). In the second 
attempt, a 1.3 mm thick induction hardened W-TiC barrier coating was laser processed at 
1600 W to produce a 30 mm long and 1 mm thick cylindrical deposit on a graphite 
mandrel as shown in Figure 4.3.3(c). Figure 4.3.3(d) shows the W-TiC cylindrical deposit 
that was obtained by machining out the graphite mandrel. This figure also justifies the 
fact that graphite mandrels can be machined out to obtain the deposits made on them 
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using any technique. Also, graphite being a good conductor of electricity enables 




























Figure 4.3.3(a) A 30 mm long and 0.3 mm thick W-TiC deposit made on a graphite 
mandrel by laser processing a 0.6 mm W-TiC barrier coating induction hardened for 5 









Figure 4.3.3(b) An SEM micrograph of the deposit shown in Figure 4.3.3(a). It 
shows that the deposit is completely melted and resolidified. This deposit does not 




Figure 4.3.3(c) A high magnification SEM micrograph of the deposit shown in Figure 








Figure 4.3.3(d) A 30 mm long and 1 mm thick W-TiC cylindrical deposit made on a 





4.4 W-Ti-C Cermelt Coatings on Graphite Plates 
 Section 4.4.1 presents the results and discussion on W-Ti-C coatings deposited 
straight on graphite substrates using LISITM process. Section 4.4.2 presents results and 
discussion on W-Ti-C cermelt coatings deposited on titanium coated graphite substrates. 
In this case, the graphite substrate was first coated with titanium using LISITM process, 
which modifies the graphite substrate surface, and then W-Ti-C coating was deposited on 
titanium coated graphite. The titanium intermediate barrier coating was deposited on 
graphite to modify the surface and enhance the bonding characteristics as explained in 
section 3.1. The starting material used in both the cases was nanoencapsulated tungsten 
coated titanium carbide (APS) powders.  
 
4.4.1 W-Ti-C Cermelt Coating on Graphite  
W-Ti-C cermelt coating on graphite was characterized with scanning electron 
micrographs and Vickers hardness. SEM analysis was done on a Hitachi S-3400 N 
variable pressure scanning electron microscope equipped with OXFORD INCA version 
4.06 energy dispersive x-ray spectrometer.  
 
4.4.1.1 SEM and EDS Analysis 
The cross-sectional samples of W-Ti-C cermelt coating on graphite were mounted 
on bakelite, ground and polished to grit size 2400, cloth polished with diamond 
suspension of 1 micron, and etched with modified Murakami’s solution for 30 seconds to 
reveal the microstructure. The microstructure of the coating is shown in Figures 
4.4.1.1(a) and 4.4.1.1(b).  
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The elemental composition of the cermelt coating was checked with energy 
dispersive x-ray spectrometer and was found to contain 54 wt.% titanium and 46 wt.% 
tungsten. The analysis showed that the chemical composition of the coating is in the 
hypereutectic region instead of near-eutectic region, which gives the indication that there 
was excess titanium in the precursor material. Moreover, the microstructure of the 
cermelt did not match with that of the previous work done by Hofmeister et al. [8]. This 
compositional shift from near-eutectic region to hypereutectic region can be attributed to 
the problems associated with coating method for coating titanium carbide with tungsten. 
The lack of tungsten around titanium carbide particle makes it richer in titanium carbide 
































Figure 4.4.1.1(b). A high resolution SEM micrograph of W-Ti-C coating on graphite 









4.4.1.2 Microindentation Hardness 
 The indentation marks were very small (~5 microns) and very difficult to 
read under the microscope due to insufficient contrast between the indentation marks and 
the microconstituent phases, which may present some errors in hardness calculation. 
However, the hardness of the cermelt coating was found to be in the range 1500 to 3000 
VHN with an average of 2500 VHN. The big variation in the hardness can be attributed 
to the presence of various phases in the coating and their composition. The high hardness 
values (>2200 VHN) give the indication that the cermelt coating consisted of a large 
volume of carbide phases.  
 
4.4.2 W-Ti-C Cermelt Coating on Titanium Coated Graphite  
Early work on protective coatings for graphite reported wetting-ability of the 
coating material as the major shortcoming that reduces their protective power. It was also 
reported that a small addition of titanium to the coating material markedly improves the 
wetting tendency by decreasing the wetting angle and increasing the work of adhesion 
[46]. In the present study, a thin titanium layer was deposited on graphite prior to the 
deposition of cermelt coating. Instruments used for characterization are mentioned in 
section 4.4.1.  
 
4.4.2.1 SEM and EDS Analysis  
Figure 4.4.2.1(a) shows two different titanium layers deposited on graphite 
substrate at different optimized laser power levels as shown in Table 3.5.2(c). Figure 
4.4.2.1(b) shows trial (small patches in the left) and final (big patches in the right) W-Ti-
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C coatings on titanium coated graphite. The screening and optimized laser processing 
parameters are shown in Tables 3.5.2(e) and 3.5.2(f). The SEM micrographs of W-Ti-C 
coating are shown in Figures 4.4.2.1(c) and 4.4.2.1(d).  
 
 The SEM micrograph of W-Ti-C coating on titanium coated graphite shows the 
presence of partially melted tungsten (grey particles), titanium carbide of the APS 
powder (dark particles), and W-Ti-C eutectic alloy. The presence of unmelted particles 
suggests that the W-Ti-C precursor requires higher laser power for complete melting and 
forming W-Ti-C eutectic alloy. The elemental analysis of the coating done using energy 
dispersive x-ray spectrometry was found to be 88.5 wt.% tungsten and 11.5 wt.% 
titanium. It indicates that the chemical composition of the coating is in the near-eutectic 
region of W-Ti-C ternary system.  
 
4.4.2.2 Microindentation Hardness 
The microindentation hardness testing of the W-Ti-C coating on graphite showed 
a large variation in hardness values ranging from 700 VHN to 1600 VHN. This large 
variation in hardness values can be attributed to the presence of tungsten, titanium 










Figure 4.4.2.1(a). Titanium coated graphite substrate showing two coatings made at 












Figure 4.4.2.1(b). W-Ti-C cermelt coating on titanium coated graphite substrate. 











Figure 4.4.2.1(c). An SEM micrograph of W-Ti-C coating on titanium coated 








Figure 4.4.2.1(d). A high resolution SEM micrograph of W-Ti-C coating on titanium 






4.5 W-Ti-C Cermelt Coatings on Steel  
As described in section 3.6 the problems associated with direct laser deposition of 
W-Ti-C cermelt coating on steel, a strategy of multiple compatible layers on steel was 
adopted. First, a chromium layer was deposited on AISI 4130 steel using Cr-CrB2 
eutectic composition and then a molybdenum coating on chromium coated steel using 
Mo-MoB eutectic composition. This strategy leads to the development of a new surface, 
an alloy of molybdenum, on which a W-Ti-C cermelt coating can be deposited. A 
detailed characterization of these coatings is presented in reference [56]. However, this 
section presents some selected results of molybdenum-on-chromium dual coating 
deposited on AISI 4130 alloy steel.  
 
Cross-section samples of Cr layer and Mo coating were polished and etched with 
2% nital solution and Murakami’s reagent, respectively. Figure 4.5.1(a) shows the SEM 
micrograph of Cr layer taken at 300X magnification and it shows that the layer thickness 
is around 125-150 microns. It also shows the presence of a narrow heat affected zone 
(white cloudy region) which stretches about 100 microns underneath the Cr layer. The 
EDS analysis shows that the amount of Fe (dilution) in the Cr layer is around 10-20 
wt.%. It was noticed that the Cr layers with Fe content less than 10 wt.% chipped off 
from some locations whereas those with Fe content more than 10 wt.% were very 
continuous and homogenous all through the coating. This indicates that the Cr layer is 
brittle and it requires a minimum of 10 wt.% Fe to keep the coating intact. A homogenous 
and continuous Cr layer is of paramount importance even if it contains 10-20 wt.% Fe 





Figure 4.5.1(a). An SEM micrograph of the cross-section of chromium layer 










While laser processing Mo coating on Cr coated steel, heat travels through the 
Mo* precursor layer and affects the Cr layer, the heat affected zone (HAZ), and the steel 
substrate. Thus, the thickness and composition of Cr layer alter after processing Mo* on 
Cr coated steel. This affected Cr layer is termed as reprocessed-Cr layer from this point 
onwards. The SEM micrograph, shown in Figure 4.5.1(b), shows that the Mo coating is 
around 100-125 microns thick whereas the reprocessed-Cr layer underneath is 100-125 
microns thick as well. Mo* precursor alloys with the Cr layer and forms the Mo coating. 
EDS analysis showed that the Mo coating is a solid solution of Mo, Cr, Fe, and B, which 
contains 20-25 wt.% Cr and 6-8 wt.% Fe. The molybdenum coating produced by this 
method does not have high level of dilution with iron and is thus a suitable substrate for 


















Figure 4.5.1(b). An SEM micrograph of the cross-section of molybdenum coating on 
chromium coated AISI 4130 steel. 











 W-Ti-C based cermelt has been fabricated into near-net shape components using 
two different techniques: tower nozzle solid freeform fabrication system and axis-
symmetric laser powder deposition system. W-Ti-C based cermelt coatings have been 
deposited on graphite plates and graphite mandrels. Also, a method for depositing W-Ti-
C cermelt coating on steel has been investigated.  
 
The strategy of making barrier coatings on graphite and titanium carbide has been 
found to be effective in mitigating the problems of carbon evaporation. Graphite plates 
have been coated with titanium through LISITM process, whereas graphite mandrels have 
been induction hardened after spraying feedstock powders. Titanium carbide powders 
have been coated with tungsten by a fluidized bed chemical vapor deposition technique.  
 
5.1 Powder Compact Trials: W-Ti-C Cermelt 
 Initial trials on powder compact beds are very useful in finding approximate laser 
processing conditions for solid freeform fabrication and surface coatings of cermelts. 
Trials on powder compact beds made with W-TiC powder mix show that W-Ti-C cermelt 
can be made by laser processing a mixture of tungsten and titanium carbide powders, 
which is an alternative to using tungsten, titanium, and graphite/nano-carbon powders. 
The microstructure consisted of (Ti,W)C dendrites in a matrix of (W,Ti) metal phase. The 
 87
microhardness of W-Ti-C cermelt processed on powder bed compacts was found to be in 
the range 1100-1300 VHN, which corroborates with the results of W-Ti-C cast carbides 
processed through conventional arc melting process reported by Erwin Rudy.    
 
5.2 Tower Nozzle Solid Freeform Fabrication 
 A novel tower nozzle solid freeform fabrication system has been developed to 
produce near-net shape components. The potential to form refractory metal (W,Ti) –
refractory carbide (Ti,W)C alloys into near-net shape components using this system was 
demonstrated. The simple three-dimensional thin wall structures formed by laser melting 
successive layers of a 85.55 wt% W – 14.45 wt% TiC powder mix present a hard 
microstructure of finely distributed (Ti,W)C dendrites surrounded by a (W,Ti) + (Ti,W)C 
eutectic.  
 
5.3 Axis-symmetric Laser Powder Deposition 
 A laser powder deposition technique suitable for near-net shape fabrication of 
axis-symmetric components on graphite mandrels has been successfully demonstrated. 
The technique is particularly suited for the deposition of refractory materials and 
fabrication of rocket nozzles and thrust-combustion chambers. This deposition technique 
was successfully applied to the deposition of molybdenum and tantalum. The potential to 
form cylindrical shape (W,Ti) – (Ti,W)C cermelts by laser powder depositing a mix of 
tungsten and nanoencapsulated tungsten coated titanium carbide powders has also been 
demonstrated. However, the produced materials present poor toughness. The formed 
cermelts present a microstructure of finely distributed (Ti,W)C dendrites surrounded by a 
 88
(W,Ti) + (Ti,W)C eutectic. The cermelts also present some inhomogeneities, especially at 
the interface where consecutive laser passes overlap, and cracks that render the cermelts 
more brittle than the materials formed at lower laser power levels, which exhibit a 
sintered type microstructure. In addition to these inhomogeneities and poor toughness, 
the cermelt thus produced revealed non-homogenous microstructure. This inhomogeneity 
in the microstructure has been attributed to the large difference in the densities of the 
feedstock powders, which segregates them while in the powder hopper.  
 
The barrier coatings deposited on graphite mandrels prior to laser powder 
deposition revealed effective in protecting the graphite mandrels from sublimation during 
laser processing and provided a suitable base for laser powder deposition. The 
nanoencapsulated powders from Advanced Powder Solutions have been successfully 
melted by laser processing without excessive carbon loss.  
 
5.4 W-Ti-C Cermelt Deposits on Graphite Mandrels 
 W-Ti-C cermelt deposits have been made on graphite mandrels using axis-
symmetric laser powder deposition system. In this strategy, a barrier coating was made 
by spraying and induction hardening feedstock powders of W-TiC eutectic composition 
on graphite mandrels. The barrier coatings thus produced were laser processed without 
blowing any powder in the axis-symmetric laser powder deposition system. Fully melted 
and resolidified deposits of up to 1 mm thickness have been successfully made using this 
strategy. The deposits thus produced present no cracks and variation in microstructure. 
This strategy proved an improvement over W-TiC laser powder deposition. Also, the 
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concept of machining out graphite mandrel to obtain the deposit made on it has been 
successfully demonstrated.  
 
5.5 W-Ti-C Cermelt Coatings on Graphite Plates 
 W-Ti-C coatings have been deposited on graphite substrate using 
nanoencapsulated tungsten coated titanium carbide (APS powder) as the starting material 
and LISITM as the fabrication process. Two different coating strategies have been used to 
deposit W-Ti-C coating on graphite. In the first strategy, W-Ti-C coating was deposited 
straight on graphite using the APS powder. The elemental analysis of this coating showed 
that it contains 54 wt.% titanium and 46 wt.% tungsten, which gave the indication that the 
APS powder was rich in titanium carbide and its composition was in the hypereutectic 
range. In the second strategy, a titanium barrier coating was first deposited on graphite 
substrate prior to the deposition of W-Ti-C coating to improve the wetting ability of W-
Ti-C coating on graphite, and then a correction was made to the APS powder by adding 
tungsten to shift the composition closer to the eutectic point. The SEM analysis showed 
that this coating contains partially melted tungsten, titanium carbide of the APS powder, 
and W-Ti-C eutectic alloy. The elemental analysis showed that the composition of this 
coating was close to the eutectic point of the W-Ti-C ternary system. The hardness of this 
coating varied in the range 700 VHN to 1600 VHN due to the presence of tungsten, 





5.6 W-Ti-C Cermelt Coatings on Steel 
 One of the ways for depositing W-Ti-C cermelt coating on steel is the 
deposition of suitable intermediate layers between the steel substrate and the main 
cermelt coating. A possible combination of intermediate layers (in sequence) was found 
to be chromium and molybdenum that can be deposited on steel prior to the deposition of 
W-Ti-C cermelt coating. First, a chromium layer was deposited on steel and then a 
molybdenum coating on chromium coated steel using LISITM process. Both the coatings, 
chromium layer and molybdenum coating were continuous in nature and their thicknesses 
were 125-150 microns and 100-125 microns, respectively. Molybdenum coating was 
found to be an alloy of molybdenum, 20-25 wt.% chromium, 6-8 wt.% iron and boron. 
SEM/EDS analysis did not show the presence of any intermetallic phases in both the 
intermediate and main coatings. Molybdenum-on-chromium dual coating thus deposited 
on steel is expected to be a suitable substrate for depositing high-melting-point W-Ti-C 
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Abstract 
Laser consolidation of feedstock powders into near net shape parts has been achieved 
using a novel powder delivery strategy. A specially designed “tower nozzle” located at 
the center of the processing area dispenses the feedstock powders continuously and 
uniformly onto the processing area where powders accumulate progressively as a flat 
powder bed. As they accumulate, the powders are selectively consolidated using a laser 
beam which is scanned in a predefined pattern using a galvo-mirror scan head. Unlike 
pre-placed powder bed techniques, both powder delivery and laser consolidation are 
performed simultaneously and without interruption. No powder delivery scrapers or 
rollers are used. The main characteristics of a prototype tower nozzle and the typical 




Solid freeform fabrication, powder feedstock, AISI H13 steel 
 
Introduction 
Several solid freeform fabrication (SFF) techniques have been developed specifically for 
feedstock materials in powder form [1]. Three-Dimensional Printing (3DP) techniques 
[2, 3] use ink-jet printing technology to bind metal, ceramic or polymer powders and 
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form three-dimensional shapes. Selective Laser Sintering (SLS) [4] produces parts in 
elastomer, polycarbonate and nylon by laser processing powder forms of these materials. 
Electron Beam Melting (EBM) [5, 6], Laser Powder Deposition (LPD) techniques [7-11] 
derived from the blown powder laser cladding technique [12], and several variations of 
SLS [4, 13], including Selective Laser Melting [14] and Direct Metal Laser Sintering 
[15], are used to consolidate loose metal powders into solid three-dimensional parts.  
 
A discussion on the two most common forms of delivering the feedstock powders during 
SFF can be found in reference [16]. The pre-placed powder bed strategy is used in SLS, 
EBM and drop-on-powder 3DP [3]. Here, a thin and flat layer of feedstock powders is 
spread evenly over the previous layer of processed material, using either a scraper or a 
roller. The powders are then consolidated and the process repeated until the final shape is 
obtained. For SLS, this feedstock delivery strategy allows laser processing to be 
performed using a galvo-mirror scan head. In other cases feedstock delivery and 
consolidation are performed simultaneously and without scrapers and rollers. In drop-on-
drop 3DP [3], the feedstock powders are fed directly through the print head. In LPD, the 
feedstock powders are injected directly into the laser beam generated melt pool via a 
powder feeding nozzle. Although simple to implement, the lateral powder feeding nozzle 
configuration [17-20] has scan-direction dependent deposition rates, clearly reported in 
references [17, 20], and is therefore not suitable for most LPD applications. The 
limitations of this configuration, discussed in detail in reference [21], were overcome 
with the introduction of coaxial powder feeding nozzles that enable omni directional 
materials deposition. Coaxial nozzles have either a conical design, such as reported in 
[22], or a four lateral nozzle configuration as the one used in the LENS system [9]. 
Another feedstock delivery strategy, explored by Arcella, Whitney and Krantz during 
their initial work on the laser forming process [23], involves fluidizing the powders 
within the laser processing area. Despite the potential to deliver and fuse the feedstock 
powders simultaneously and without interruptions, the fluidized bed approach has 
apparently been abandoned.  
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Tower nozzle powder delivery  
This new powder delivery strategy relies on a specially designed powder delivery nozzle, 
named tower nozzle, to dispense the feedstock powders continuously and uniformly onto 
the processing area where they accumulate progressively as a flat powder bed without 
interrupting the laser consolidation operation. The tower nozzle is mounted vertically in 
the center of the processing area as depicted in Figure 1. Carried by a gas stream, the 
feedstock powders travel up through the tower nozzle and disperse uniformly over the 
processing area. The airborne feedstock particles eventually settle as a flat powder bed, 
while the fluidization gas ascends vertically within the feedstock confinement cylinder 
and eventually exits the processing chamber through the vacuum pump line.  
 
Figure 1 – Schematic representation of the tower nozzle solid freeform fabrication 




Figure 2 – The tower nozzle is formed by three concentric components: a crossover pole 
with four slots; a nozzle cover; a deflection cap.  
 
The crossover pole transfers the incoming powder from the entry port to its exterior via 
four crossover slots (Figure 2 - left). The nozzle cover enclosing the crossover pole forces 
the feedstock to ascend vertically along a 1 mm wide annular cylindrical guide (Figure 2 
- middle). The feedstock deflection cap attached to the crossover pole forces the 
feedstock to deflect radially (Figure 2 - right), covering the processing area uniformly.  
 
The prototype tower nozzle solid freeform fabrication system 
The prototype tower nozzle solid freeform fabrication (SFF) system chamber, laser scan 
head, and associated components are shown in Figure 3. The assembled prototype tower 






SFF is performed in a controlled atmosphere using a 1.06 μm 1kW diode-pumped 
ytterbium fiber laser (YLR-1000-WC by IPG Photonics). The feedstock powders are fed 
to the tower nozzle using a pneumatic Optomec powder feeder. The laser beam is 
rastered over the powder bed using a galvo-mirror scan head with a 80×80 mm2 
processing range (hurrySCAN30TM by ScanLabs) according to the sequence of laser 
paths defined for each layer in the SAMLightTM software (by Scaps). During SFF, the 
scan head moves up along the vertical zz axis (Figure 3) at a constant speed that equals 
the powder bed height accumulation rate, thus keeping the laser beam spot size constant 
throughout the SFF operation.  
 
Experiments with AISI H13 steel 
The effects that gas flow rate and confinement cylinder inner diameter (ID) have on the 
thickness and flatness of a tower nozzle deposited powder bed were analyzed for AISI 
H13 steel -100/+325 mesh powders (by Crucible Research). These powders were fed to 
the tower nozzle using Argon as a carrier gas. Five Argon flow rates – 5, 10, 15, 20 and 
 
Figure 3 – The prototype tower nozzle SFF system. Figure 4 – A 2 ½’’ tall 
prototype tower nozzle in 
service at UTSI. 
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30 standard cubic feet per hour (SCFH) – and three confinement cylinders – 3’’, 4’’ and 
5’’ ID – were used. A powder bed was formed for each combination of gas flow rate and 
confinement cylinder ID. After a deposition period of 600 seconds, the confinement 
cylinder was removed. For each combination of confinement cylinder ID and gas flow 
rate, a print of the resulting powder bed profile was obtained by cutting the powder bed 
with the sticky end of a Post-itTM note, as shown in Figure 5.  
 
 
Figure 5 – Post-itTM measurement of the profile of a tower nozzle deposited powder bed.  
 
The powder bed profile obtained for the 3’’ cylinder using an Argon flow rate of 5 SCFH 




Figure 6 – Post-itTM note print of the powder bed profile obtained for a 3’’ ID 
confinement cylinder using an Argon flow rate of 5 SCFH. This print is overlaid by a 
schematic representation of the relative positions of the tower nozzle and confinement 
cylinder. The significant spill out of feedstock after removal of the confinement cylinder 
points to a significant accumulation of feedstock next to the wall of the confinement 
cylinder.  
 
At 5 SCFH, the H13 particles exit the tower nozzle at relatively low velocity. This 
results in a highly uneven powder bed as few particles accumulate near the nozzle. This 
happens even with the 3’’ cylinder (Figure 6) where the particles are more likely to 
bounce off the confinement cylinder wall back to the nozzle surroundings. At 10 SCFH 
(Figure 7), the H13 particles have enough momentum to bounce off the walls of the 3 and 
4’’ cylinders. A near-flat powder bed was obtained with the 4’’ cylinder with little 
accumulation near the cylinder wall (Figure 7). Under these flow conditions, the powder 
bed height accumulation rate and the mass accumulation rate within the 4’’ cylinder 
equal 375 μm/min and 13.8 g/min, respectively. At different gas flow rates, one obtains 
very distinct profiles: while in some cases one obtains essentially flat powder beds (3’’ at 
15 and 30 SCFH), in other cases one gets highly uneven powder beds with accumulation 




Figure 7 – Sticky note prints of powder bed profiles obtained for different combinations 
of Argon flow rate and confinement cylinder ID. The mass of AISI H13 powder obtained 
for each Argon flow rate, after the 600 second deposition period, is also shown.  
 
A 40 mm tall University of Tennessee logo made in AISI H13 steel using the 
tower nozzle SFF technique is shown in Figure 8.  
 
 
Figure 8 – A 40 mm tall AISI H13 steel solid freeform fabricated extrusion of the 
University of Tennessee logo. The outlined insert, depicting a 2 mm thick slice of the UT 




This UT logo was built on a ¼’’ thick, 3’’ diameter AISI 4140 steel disk and 
inside a 5’’ tall 3’’ inner diameter confinement cylinder. The powder bed height 
accumulation rate was 1 mm/min. A 180 W laser beam, focused to a 0.9 mm diameter 
spot, was scanned over the powders at 20 mm/s, allowing for an 80 μm thick layer of 
laser melted and solidified material to be deposited every 5 seconds. Under these 
conditions, 480 layers (i.e., 40 mm of material) were deposited in 40 minutes. When 
cross-sectioned as in the outlined insert of Figure 8, the material was found to be fully 
dense. The powder feeding conditions used to fabricate the UT logo produced a slight 
accumulation of feedstock next to the confinement cylinder wall that visibly affected the 
flatness of the powder bed once the height of the build exceeds 25 mm. The effects of this 
localized accumulation worsened as the logo height increased. The 30 mm logo (Figure 
9) exhibited a maximum height variation of 1 mm, while the 40 mm logo (Figure 10) 





Figure 9 – A 30 mm AISI H13 steel solid 
freeform fabricated extrusion of the 
University of Tennessee logo. 
Figure 10 – A 40 mm AISI H13 steel solid 
freeform fabricated extrusion of the 
University of Tennessee logo. 
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The results show that the tower nozzle powder delivery strategy is suitable for 
SFF operations. Besides thin wall objects, the tower nozzle approach has also been used 
to form AISI H13 steel items with bulk sections and overhangs. The produced near-net 
shape items have a relatively poor surface finish given the incompletely melted particles 
that cover the surfaces of the produced items.  
 
Unlike other SFF processes, there is no need for either a complex LPD powder 
feeding nozzle or powder scrapers or rollers. The tower nozzle is compact, simple to 
construct and allows delivery and laser consolidation of the feedstock powders to be 
performed simultaneously and without interruption. This keeps the deposited material 
warm during the entire deposition operation, a fact that may prove valuable when 
depositing high melting temperature materials. This SFF technique can be potentially 
used with all materials commonly processed with SLS, EBM and LPD and may be of 
great interest for SFF of small, custom tailored items such as dental implants.  
 
The feedstock confinement cylinder is a fundamental component of the system’s 
design. Without it, one cannot obtain a flat powder bed. By containing the airborne 
feedstock within the processing range of the galvo-mirror scan head, the confinement 
cylinder also maximizes the powder bed height accumulation rate. The powder bed 
height accumulation rate and profile depend strongly on confinement cylinder inner 
diameter and gas flow rate. The profile is also expected to depend on the tower nozzle 
height and to change somewhat during deposition as the powder bed accumulates. 
Accumulation rate and profile are known to depend on the feedstock powders used.  
 
Conclusions  
The tower nozzle solid freeform fabrication technique has been successfully used to laser 
consolidate AISI H13 steel powders into dense three dimensional shapes. Combinations 
of gas flow rate and confinement cylinder diameter can be found which lead to a suitable 
delivery of feedstock powders to the processing area were identified. Within the 45 cm2 
processing area delimited by a 3’’ ID confinement cylinder, the feedstock powders were 
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laser consolidated at a build rate of 1 mm/min, up to a height of 40 mm. With the 2 ½’’ 
tall prototype tower nozzle, the part build height remains consistent up to 25 mm.  
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Refractory metal (W,Ti) – refractory carbide (Ti,W)C alloys formed by eutectic solidification 
from the melt – cermelts – are promising materials for high temperature rocket nozzle 
applications. At the Center for Laser Applications (CLA) at the University of Tennessee Space 
Institute (UTSI), these materials are being formed into three-dimensional shapes using various 
laser powder deposition techniques. Shapes with cylindrical symmetry are built on graphite 
mandrels by laser melting a continuous powder feedstock mix. Processing is performed inside a 
Argon atmosphere and the obtained materials have a fully dense microstructure of fine (Ti,W)C 
dendrites surrounded by the (W,Ti) – (Ti,W)C eutectic. With a melting temperature of 2700 °C, 
this microstructure is expected to offer high temperature strength, toughness and erosion 
resistance at elevated temperatures. The specific axis-symmetric solid freeform fabrication 






Soaring oil prices have triggered a massive jump in the price of Rhenium [1]. Rhenium currently 
trades above $11000 / kg, up from $1330 / kg during 2007 and $1260 / kg during 2006 [2]. This 
rise in the price of Rhenium is driven by the airline industry’s demand for more fuel-efficient jet 
engines [1], based on single-crystal nickel-based super-alloys containing 3-6 wt. % Rhenium [3-
7]. Demand for these super-alloys is estimated to account for about 77% of current world 
Rhenium consumption [8]. Within the aerospace industry, Iridium-coated Rhenium is the 
preferred material to make rocket nozzles and thrust-combustion chambers [9-15]. Amongst the 
low cost alternatives to Rhenium in rocket nozzle applications are castable refractory metal – 
refractory carbide [16] and refractory metal – refractory carbonitride [17] alloys formed by 
eutectic solidification from the melt. Here, the essential idea is to cast, from the melt, a eutectic 
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alloy of a refractory metal phase and its monocarbide or carbonitride – a cermelt1. For example, 
the W-Ti-C ternary system, investigated in detail by Erwin Rudy [16], has a eutectic point at 2700 
ºC and composition (58 W - 20 Ti - 22 C at. %) (Figure 11) where a tungsten rich liquid solidifies 





Figure 11 – Isopleth at the pseudobinary section metal + monocarbide. Source: [16]. β –  (W,Ti) 
metal phase; δ – (Ti,W)C monocarbide phase. Within this composition range, the W2C phase 
does not form. 
 
 
The cast eutectic (W,Ti) – (Ti,W)C is known to have excellent hot hardness [16], outperforming 
WC cemented carbide counterparts at temperatures above 500 ºC (Figure 12), and is therefore 
expected to have exceptional high temperature erosion resistance.  
 
Developed initially for metal removal tool applications, the machinability and formability of 
(W,Ti) – (Ti,W)C cermelts is problematic. Their exceptional hardness severely limit the use of 
machining techniques for shaping purposes, and the high melting temperatures involved raise 
considerable melt processing and casting difficulties. Moreover, to create a very fine carbide 
phase distribution and achieve the full benefits of alloy strength, wear resistance and toughness, 
the material must be rapidly solidified from the melt. Alternatively, these (W,Ti) – (Ti,W)C 
cermelts can be produced by laser melting mixtures of tungsten and titanium carbide powders, as 
shown by Hofmeister et al [18]. (W,Ti) – (Ti,W)C cermelts produced by laser melting 85.55 wt% 
W – 14.45 wt% TiC powder compacts exhibit a fine microstructure consisting of primary 
dendrites of (Ti,W)C surrounded by the (W,Ti) + (Ti,W)C eutectic (Figure 13 and Figure 14).  
 
                                                 
1 “Cermelts” are formed from the melt, as opposed to cermets formed by press and sinter or thermal 




Figure 12 – Vickers hardness as a function of temperature for commercial WC cemented carbide 





Figure 13 – A SEM micrograph of a (W,Ti) – (Ti,W)C cermelt. Source: [18]. Dark areas are 
primary dendrites of (Ti.W)C. Light areas are the (W,Ti) – (Ti,W)C eutectic, shown in more 





Figure 14 – A SEM image of the eutectic structure of the a (W,Ti) – (Ti,W)C cermelt. Source: 




Microhardness measurements performed on these (W,Ti) – (Ti,W)C cermelts revealed a hardness 
ranging typically between 1100 and 1300 HV, which is consistent with the data reported by Rudy 
et al (Figure 12).  
 
These results open the door to the fabrication of near-net shape (W,Ti) – (Ti,W)C cermelt 
components via laser powder deposition (LPD) techniques [19, 20]. With LPD, three dimensional 
components are built layer by layer. Each layer is formed progressively as the feedstock material 
in powder form is injected into the laser beam’s path, melted simultaneously with a thin surface 
layer of the underlying material, and rapidly resolidified into continuous deposits that overlap in a 
suitable pattern. Given its ability to progressively deposit relatively small amounts of laser melted 
and resolidified material at precise locations, LPD combines all the advantages of solid freeform 
fabrication (SFF) with the benefits of rapid solidification processing [21, 22].  
 
 
AXIS-SYMMETRIC LASER POWDER DEPOSITION APPARATUS  
 
 
Figure 15 shows the experimental LPD apparatus used to form cylindrical (W,Ti) – (Ti,W)C 
cermelt shapes.  
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Figure 15 – Controlled atmosphere processing chamber (left) and twin-bearing mount used to 
laser powder deposit refractory materials on graphite mandrels. The graphite mandrel rotates and 
displaces linearly under the laser beam. 
 
These shapes are built on graphite mandrels by laser melting a continuous feed of feedstock 
powders inside an Argon atmosphere. The graphite mandrels used in the experiments were 
semiconductor grade (manufactured by Poco Graphite, Inc.). Prior to LPD, the deposition section 
of the mandrels was machined down to an outer diameter of 10 mm and coated with a 100-200 
µm thick layer of Titanium or Tantalum powders. This powder layer serves two purposes: (1) it 
protects the graphite from direct exposure to the high laser power required for melting the cermelt 
feedstock powders, thus preventing graphite from sublimation and (2) it provides a better base to 
deposit the cermelt material. During LPD, the graphite mandrel rotates and displaces linearly 
under the laser beam, at 0.2 Hz and 0.2 mm/s, respectively. Processing was performed in an 760 
torr Argon atmosphere using a continuous wave Hobart HLP 3000 3 kW Nd:YAG laser. The 
feedstock powders were fed into an Argon gas stream using a pneumatic Optomec powder feeder 
and delivered continuously into the laser beam generated melt pool during laser processing 
through a lateral powder injection nozzle.  
 
 
APS NANOENCAPSULATED TUNGSTEN-COATED TITANIUM CARBIDE POWDERS  
 
 
To avoid the loss of carbon that results when carbide powders are laser processed, the starting 
material was nanoencapsulated Tungsten-coated Titanium Carbide (W-coated TiC) powders 
produced by Advanced Powder Solutions, Inc. (APS) using a chemical deposition process [23, 
24]. The interface of these powders has a melting temperature (~ 2700 ºC) much lower than that 
of Tungsten (~ 3422 ºC) and Titanium Carbide (~ 3160 ºC). A pictorial description and a SEM 








Figure 16 – APS nanoencapsulated W-coated TiC powders by Advanced Powder Solutions, Inc. 
 
 
EXPERIMENTS WITH APS W-COATED TiC POWDERS 
 
 
A 30 mm long cylinder produced on Ti coated graphite mandrel using 1200 W laser power and a 
¾ (32-38 μm W) + ¼ (75-106 μm APS W-coated TiC) powder mix is shown in Figure 17. The 
extra Tungsten powder was added to the APS W-coated TiC powder in order to shift the 
stoichiometry of the feedstock powder closer to the 85.5 wt.% T – 14.5 wt.% TiC eutectic 
composition.  
 
Figure 17 – A 30 mm long cylinder produced using a ¾ (32-38 μm W) + ¼ (75-106 μm APS W-
coated TiC) powder mix. 
 
 
This part presents a sintered type microstructure formed by partial melting of the feedstock 







Figure 18 – A SEM view of the microstructure of the laser powder deposited material shown in 
Figure 17. One the left, one can clearly observe unmelted feedstock particles. On the right, one 
can observe the fine (W,Ti) – (Ti,W)C eutectic formed between the unmelted particles. 
 
 
The laser beam power was raised to completely fuse the feedstock powders. At 1400 W, most of 
the feedstock powders melt under the action of the laser beam, as seen in Figure 19. Here, only 
the region closest to the graphite mandrel surface presents unmelted feedstock particles. The fully 
melted region presents a microstructure of fine (Ti,W)C surrounded by the (W,Ti) + (Ti,W)C 
eutectic, as observed previously in reference [18]. One also notes the presence of cracks within 
the fully melted material, which do not appear to propagate into the partially melted region. Parts 

































A fully melted but brittle microstructure was obtained when the feedstock powders were laser 
processed at 1600 W (Figure ). The obtained microstructure presents various defects at the 




Figure 20 – A SEM view of the microstructure of the material deposited at 1600 W. 
 
EXPERIMENTS WITH TANTALUM  
 
 
A 30 mm long cylinder produced on Ta coated graphite mandrel using 1200-1400 W laser power 
and -80/+270 mesh Ta powders is shown in Figure .  
 
 




This part presents a fully melted microstructure except for a narrow region near to the interface 
with the graphite mandrel (Figure ). Unlike the fully melted cermelt samples, this Tantalum 











A laser powder deposition technique suitable for near-net shape fabrication of axis-symmetric 
components on graphite mandrels has been successfully demonstrated. The technique is 
particularly suited for the deposition of refractory materials and fabrication of rocket nozzles and 
thrust-combustion chambers. This deposition technique was successfully applied to the deposition 
of Tantalum. The potential to form cylindrical shape (W,Ti) – (Ti,W)C cermelts by laser powder 
depositing a mix of Tungsten and APS Tungsten-coated Titanium Carbide powders was also 
demonstrated. However, the produced materials present poor toughness. The formed cermelts 
present a microstructure of finely distributed (Ti,W)C dendrites surrounded by a (W,Ti) + 
(Ti,W)C eutectic. The cermelts also present some inhomogeneities, especially at the interface 
where consecutive laser passes overlap, and cracks that render the cermelts more brittle than the 
materials formed at lower laser power levels, which exhibit a sintered type microstructure.  
 
The Titanium and Tantalum powder layers deposited on the graphite mandrels prior to laser 
powder deposition revealed effective in protecting the graphite mandrels from sublimation during 
laser processing and provided a suitable base for deposition of the (W,Ti) – (Ti,W)C cermelts and 
Tantalum. The nanoencapsulated powders from Advanced Powder Solutions were successfully 
melted by laser processing without excessive carbon loss. Nanoencapsulation of carbide powders 
and laser freeform fabrication of near net shape parts can be combined to provide a promising 
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 Molybdenum and chromium coatings were deposited on AISI 4130 steel using the 
Laser Induced Surface Improvement2 (LISITM) process. In this process a mixture of 
precursor material is pre-placed on the substrate and then laser melted, resulting in the 
formation of a thin surface layer of alloy on the underlying material. First, a chromium 
coating was deposited on steel using the Cr-CrB2 eutectic composition, and subsequently 
a molybdenum coating using the Mo-MoB eutectic composition was deposited on the 
chromium layer. Both the coatings have been individually characterized and compared 
using scanning electron microscope, energy dispersive spectrometry, Vicker’s hardness, 
X-ray diffraction, wear and erosion. The chromium layer exhibited superior erosion 
resistance (ASTM G76) while the molybdenum-on-chromium coating performed better 
in sliding wear (ASTM G77).  
 






Surface coatings of steel based on molybdenum are known to improve the wear 
resistance of the substrate, and are therefore used in a variety of engineering industries 
such as automotive, aerospace, paper and plastics [1-6]. Molybdenum based coatings 
provide low friction and good resistance to scuffing under sliding contact conditions [1, 
3, 5, 6]. However, pure molybdenum has low hardness [5, 7] and forms a volatile oxide 
[5, 6] which limits its applicability. Early work showed that the carbide dispersion-
hardened molybdenum (TZM alloy) appreciably improved high temperature mechanical 
properties [8], and carbon additions enhanced the hardness of the molybdenum matrix by 
forming Mo2C [7].  
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Flame spraying and plasma spraying are two methods used to deposit 
molybdenum coatings on various substrates. Both processes project semi-molten or 
molten particles on the substrate. Flame sprayed Mo coatings have high hardness due to 
the formation of MoO2 which acts as a dispersion strengthener [5, 6]. Plasma sprayed Mo 
coatings are inherently soft, and alloying or dispersion strengthening is necessary to 
improve the wear properties at the expense of their friction characteristics [9]. The major 
problems associated with coatings processed through thermal spraying techniques are 
porosity and poor adhesion of coatings to the substrate. Although porosity is required for 
some thermal barrier coatings, it is detrimental to corrosion resistance, thermal 
conductivity and elastic modulus [10, 11].  
 
Our research focused on the preparation of Mo coatings that have good wear 
resistance, high hardness, and excellent adhesion to the substrate. In the LISITM process, a 
precursor mixture of powder alloying compounds is mixed in a water-based thixotropic 
binder and sprayed on the substrate with an air spray gun. The water-based binder is 
added to keep the powder particles in suspension during the spray process and adhere the 
mixture to the substrate. The precursor layer is dried at 70oC under a heat lamp for 
several hours prior to laser processing. The dried precursor layer is then laser alloyed into 
the substrate. This alloying leads to the formation of a coating with strong metallurgical 
bond, since the coating mixed in the liquid phase with the element(s) present in the 
substrate. This adulteration of the coating with the substrate element(s) is termed dilution, 
which may or may not be useful as far as the coating performance is concerned. 
Deposition of Mo coating on steel through LISITM route has not been reported so far and 
we take this opportunity to describe the nature of Mo coating produced through this 
route. 
 
For systems with molybdenum as the precursor and AISI 4130 steel as the 
substrate, the melting temperatures of molybdenum and steel are approximately 2610oC 
and 1435oC, respectively. At temperatures above the melting point of the steel but below 
that of molybdenum, the steel melts and moves up by capillary action and other stirring 
forces, and fills up the pores between the molybdenum particles. It leaves behind a 
composite layer of resolidified steel and unmelted molybdenum particles, very similar to 
what was explained by Chong et al. [12] for Mo-TiC metal matrix composite (MMC) on 
AA6061 aluminum alloy. In the present study, such a composite layer is undesirable as it 
is highly diluted with the elements from the substrate (mostly Fe), which negatively 
influence the wear properties and hardness of the coating.  
  
The formation of stable intermetallic compound(s) between the precursor and the 
substrate can also be detrimental to the coating strength because they are generally brittle 
in nature [13, 14]. Fe-Mo phase diagram  indicates the formation of stable high 
temperature intermetallics like Fe2Mo (λ), Fe7Mo6 (μ) and FeMo (σ) between Fe and Mo 
[15, 16]. Thus, LISITM deposition of molybdenum directly onto steel has two problems: 
(a) dilution caused by melting of low-melting-point steel substrate, and (b) formation of 
stable brittle intermetallics between Fe and Mo. One of the ways reported in literature to 
reduce the influence of intermetallics on coating performance is the use of a suitable 
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intermediate layer [17, 18]. We implemented an intermediate layer based on chromium, 
as suggested by Sears et al. [19]. Phase diagrams show the existence of continuous solid 
solution between Fe & Cr and Cr & Mo [15], which suggests chromium is a suitable 
intermediate layer for deposition of Mo on steel. Although there is a region of sigma 
phase (σ) formation in Fe-Cr system, the kinetics of its formation are very slow [20] and 
can be overlooked because of high cooling rates achieved during laser processing. Also, 
the melting point of chromium (~1857oC) is between those of steel (~1435oC) and 
molybdenum (~2610oC), which helps in reducing the dilution of Mo coating. 
 
In the present study, the chromium intermediate layer and the molybdenum final 
coating chemistries are based on their eutectic systems with boron (i.e. Cr-B and Mo-B 
eutectic systems). This helps in two ways: (i) by reducing the melting point of the alloy, 
and (ii) by increasing the hardness by solid solution strengthening. As a eutectic mixture 
melts at a temperature lower than its constituent elements, it further reduces dilution in 
the coating due to melting of the substrate. Cr-B eutectic (Cr-3.1wt.% B) melts at 
~1630oC and Mo-B eutectic (Mo-3wt.% B) melts at ~2180oC [15]. CrB2 and MoB have 
been used as sources of boron for the chromium layer and the molybdenum coating, 
respectively instead of elemental boron. We made use of Cr-CrB2 eutectic composition to 
make the intermediate layer and Mo-MoB eutectic composition to make the main 
coating. To differentiate pure metals and eutectic mixtures, the compositions for 
chromium intermediate layer and molybdenum main coating are denoted as Cr* and 
Mo*, respectively from this point onwards, where Cr* is Cr-10.5 wt % CrB2 and Mo* is 
Mo-30 wt.% MoB. The coatings formed after laser processing are termed as Cr layer and 
Mo coating. Table 1 shows the densities and melting temperatures of materials used in 





Precursor mixture for Cr layer was made by mixing Cr and 10.5 wt.% CrB2 
powders (both manufactured by CERAC Inc.) of mesh size -325 (average 10 microns) 
with 30 wt.% i-8 LISITM binder (proprietary formulation by Warren Paint and Color 
Company, Nashville, TN). The Mo precursor was made by mixing Mo (EM-MM2; 
manufactured by Climax Engineering Materials) and 30 wt.% MoB (manufactured by 
CERAC Inc.) powders of mesh size -325 with 80 wt.% i-8 LISITM binder as shown in 
Table 2.  
 
Laser processing was done in open atmosphere with a 1kW YLR-1000 (IPG 
Photonics Corporation) direct diode pumped fiber laser of 1075±5 nm wavelength. The 
laser beam was scanned along the surface of the processing area by galvanic scan mirrors 
(ScanLabs HurryScan30). For screening purposes, three process parameters were varied, 
laser power, scanning speed, track overlap (referred to as hatch from this point onwards) 
in order to obtain a continuous and homogenous coating. Hatch is the distance between 
the centerlines of laser beam of the two successive passes as shown in Figure 1 and can 
be correlated to the degree of overlapping of the subsequent laser melted tracks; linear 
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overlap can be calculated as 2r – h, where r is the laser beam radius and h is the hatch. 
The laser beam profile is shown in Figure 2 and the spot size was maintained nominally 
at 0.15 mm radius (~ 1/e2) for all the experiments. In order to minimize the heat affected 
zone in laser alloying experiments the cooling rate of the laser treated area must be quite 
high. Since the cooling is primarily by conduction the rate is kept high by reducing the 
size of the laser treated area and exposure time by moving a small spot at high velocity 
[21].   
 
First, the precursor mixture for Cr layer (Cr*) was sprayed on AISI 4130 steel 
substrates of size 25mm x 50mm x 4mm with an air spray gun (Crescendo®, Model 175 
by Badger Air-Brush Co., IL ), and then dried under a heat lamp for several hours before 
laser processing. The chemical composition of AISI 4130 steel is given in Table 3. After 
laser processing Cr layer, the precursor mixture for Mo coating (Mo*) was sprayed on Cr 
coated AISI 4130 steel in a similar fashion. The direction for laser processing of Mo 
coating was perpendicular to Cr layer. Initial processing parameters used for screening 
purposes for both the coatings are shown in Table 4 and the optimized processing 
parameters for final coatings are shown in Table 5. 
 
SEM analysis was done on an ISI Super IIIA Scanning Electron Microscope equipped 
with IXRF Energy Dispersive Spectrometer (version 1.3 RevP) to characterize the Cr 
layer and Mo coating. Transverse cross-section samples (perpendicular to the coating) of 
Cr layer and Mo coating were polished and etched with modified Murakami’s reagent 
(1gm KOH + 3 gm K3Fe(CN)6 + 10ml water), respectively. Microindentation hardness 
testing was done on a LECO LM 300AT microhardness tester, integrated with LECO 
AMH32 software, under a load of 100 gf for 15 seconds using Vickers indenter. 
Microhardness measurements were taken across the coating thickness. X-ray diffraction 
studies were done on a Philips X’pert system with Cu Kα radiation (λ= 1.5406 Å) to 
identify the phases present in the Cr layer and Mo coating. Sliding wear tests were done 
on “as processed” samples using a block-on-ring wear testing apparatus. Wear rate was 
determined as volume loss with respect to time. Tests were conducted at 1000 revolutions 
per minute speed and 4 lb load in accordance with ASTM designation G77 [22]. Solid 
particle impingement erosion tests were done on “as processed” samples on a PLINT 
TE68 Gas Jet Erosion Rig, which complies with the ASTM G76 standard test method for 
conducting erosion tests by solid particle impingement using gas jets [23]. The tests were 
done at 90 degrees glancing angle with silica (50-70 μm) feed-rate of 2 grams/minute at a 
speed of 52 m/s on as processed samples. The distance between the jet and the substrate 
was 15 mm.  
 
 
3. Results & Discussion 
 
3.1 Optical/SEM/EDS analysis  
 
The surface appearance macrophotographs of as processed Cr layer and Mo 
coating were taken under an optical microscope at 10X and are shown in Figures 3 and 4, 
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respectively. SEM micrograph of the transverse cross-section of Cr layer, taken at 300x 
(Figure 5), shows that the layer thickness is around 125-150 microns. It also shows the 
presence of a narrow heat affected zone (white cloudy region) which stretches about 100 
microns underneath the Cr layer. The EDS analysis shows that the amount of Fe 
(dilution) in the Cr layer is around 10-20 wt.%. It was noticed that the Cr layers with Fe 
content less than 10 wt.% chipped off from some locations whereas those with Fe content 
more than 10 wt.% were very continuous and homogenous all through the coating. This 
indicates that the Cr layer requires a minimum of 10 wt.% Fe to keep the coating intact. 
A homogenous and continuous Cr layer is of paramount importance even if it contains 
10-20 wt.% Fe dilution content because of the subsequent processing of Mo* on Cr 
coated steel.  
 
While laser processing Mo coating on Cr coated steel, heat travels through the 
Mo* precursor layer and affects the Cr layer, the previous HAZ, and the steel substrate. 
Thus, the thickness and composition of Cr layer alter after processing Mo* on Cr coated 
steel. This affected Cr layer is termed as reprocessed-Cr layer from this point onwards. 
SEM micrograph (Figure 6) shows that the Mo coating is around 100-125 microns thick 
whereas the reprocessed-Cr layer underneath is 100-125 microns thick as well. Mo* 
precursor alloys with the Cr layer and forms the Mo coating. The microstructure of Cr 
layer is shown in Figure 7 and the microstructures of Mo coating and reprocessed-Cr 
layer are shown in Figures 8 and 9. EDS analysis showed that the Mo coating is a solid 
solution of Mo, Cr, Fe, and B, which contains 20-25 wt.% Cr and 6-8 wt.% Fe. The 
quantitative analysis of boron could not be done with the EDS because of relatively poor 
peak-to-background ratio of boron peak. Figure 10 is the EDS linescan of Mo coating and 
it shows the variation of Mo, Cr, and Fe with respect to the coating thickness. The Mo 
coating showed the presence of very few vertical cracks mostly originating from the 
middle of the Mo coating and running towards the surface as shown in Figure 11.  
 
    
3.2 Microhardness  
 
Microhardness test results show that the Cr layer (Figure 12) has hardness in the 
range 1050±50 HV0.1. The hardness of Cr layer obtained in the present study is higher 
than that of the pure chromium coatings processed by other techniques (700-1000 HV) 
[24, 25] which is actually due to the presence of boron in the coating that was confirmed 
by the XRD analysis. Also, the steel laser alloyed with pure CrB2 is reported to have the 
coating hardness around 1250 HV [26]. The hardness graph also shows the presence of a 
narrow heat affected zone (~100 μm) in the substrate whose hardness is around 400 HV0.1 
can be seen in the SEM micrograph as well (Figure 5).  
 
The hardness of Mo coating is in the range 1100±50 HV0.1 (Figure 13), which is 
more than that deposited by other techniques (729-982 VHN) [2, 4, 27-29]. This high 
hardness of Mo coating can be attributed to the fact that it is an alloy of Mo, Cr, Fe, and 
B, as explained earlier. The substrate does not have a marked heat affected zone and its 
hardness is around 250 HV0.1 and it cannot be clearly seen in the SEM micrograph 
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(Figure 6). The drop in hardness of HAZ in the substrate from 400 HV0.1 to 250 HV0.1 is 
probably due to tempering induced by Mo* processing on Cr coated steel. 
3.3 X-Ray Diffraction  
 
X-ray diffractogram of Cr layer (Figure 14) shows the presence of Cr2B, CrB, Fe-
Cr solid solution and CrB2 phases. During laser processing the Cr* mixture melts and 
undergoes a non-equilibrium eutectic solidification where some supersaturation in the 
chromium phase lead to the formation of chromium rich borides. The diffractogram 
shows the peaks of Fe-Cr solid solution which corroborates with the results obtained 
earlier [26, 30]. Shafirstien et al. studied the laser surface alloying of 1045 steel with 
CrB2 [31] and reported the formation of Fe3B, Cr3C2, retained austenite, and some 
martensite in the coating. In their work, the carbon content of the steel substrate was 
found to be responsible for the formation of chromium carbides because of the high 
affinity of chromium towards carbon. In contrast to the studies done on laser alloying of 
steel with CrB2 [26, 30, 32], present study does not show the presence of iron borides and 
chromium carbides in X-ray analysis, which may be attributed to the very high content of 
Cr (89.5 wt.%) in the precursor mixture. The high hardness of Cr layer can thus be 
attributed to the presence of boride phases in the coating. Mo coating XRD analysis was 
done in the 2-theta range 30o-110o and is shown in Figure 15. The diffractogram shows 
the prominent peaks of molybdenum (2-theta degree values of 40.5o, 58.6o, 73.7o, 87.6o 
and 101.46o) and a peak of Mo2B (2-theta degree value of 70.6o). The diffractogram does 
not show any peak of Cr or Fe or their borides, which indicates that they form a solid 
solution with Mo, which contains 20-25 wt.% Cr and 6-8 wt.% Fe according to the EDS 
analysis. This alloying did not result in any significant shift in the peaks of molybdenum.  
 
 
3.4 Wear & Erosion  
 
Cumulative volume loss was determined at intervals of 2 minutes for 20 minutes 
on two samples of each type, and then their average was plotted against time (Figure 16). 
As the coatings are solid solutions and not pure elements, the densities of the coatings 
were estimated by the rule of mixtures for the solid solutions. The results show that the 
wear performance of Mo coating is much better than that of the Cr layer and the base 
substrate, and the wear performance of Cr layer is also better than that of the steel 
substrate. The results also show that the Cr layer increases the wear resistance of the steel 
substrate by almost 3 times whereas the Mo coating increases it by almost 10 times.  
 
Analogous to the wear rate, the erosion rate was also determined as cumulative 
volume loss with respect to time for 90 minutes, measured at 15 minutes interval on two 
samples of each type. Erosion graph in Figure 17 shows that the performance of Cr layer 
is much better than that of the Mo coating and the base substrate, whereas the 
performance of the base substrate is better than that of the Mo coating. Result shows that 
the chromium layer improves the erosion resistance of base substrate by a factor of 2.5, 
whereas the erosion resistance of base substrate is better than that of the molybdenum 
coating by a factor of 4. Even though the Mo coating improves the sliding wear resistance 
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of the steel substrate by a factor of 10 due to its self-lubricating behavior and high 
hardness, it deteriorates the erosion resistance by a factor of 4. In fact, in dirty and 
abrasive environments, molybdenum coatings are reported to wear appreciably faster 
than chromium plating [33, 34]. Shivpuri et al. [35] also reported a higher mass loss of 
molybdenum coating than the substrate H13 steel in erosive wear tests though the reason 
for this behavior was not explained. The various factors reported in literature that may 
influence the erosion resistance of a coating are its surface roughness, microstructure, 
morphology, hardness, presence of cracks, and porosity. Higher volume loss of 
molybdenum coating in the present study (approximately 2.65 mm3 at the end of 90 
minutes) despite its high hardness indicates that there is a weak correlation between 
erosion behavior and coating hardness, which corroborates with the studies done earlier 
by Lathabai et al. on metallic coatings [36].  
  
                                                                  
4. Conclusions 
 
1) Molybdenum coating has been deposited on steel using chromium as the 
intermediate layer and LISITM as the coating process. Both the coatings, chromium 
layer and molybdenum coating were continuous in nature and their thicknesses 
were 125-150 microns and 100-125 microns, respectively.  
 
2) The optimized laser processing parameters for chromium coating were found to be 
laser power 155-165 W, scanning speed 25-30 mm/s, and hatch 0.1-0.15 mm for 
200-225 microns precursor thickness whereas that for molybdenum coating were 
found to be laser power 175-185 W, scanning speed 22-25 mm/s, and hatch 0.1 mm 
for 125-150 microns precursor thickness. Both the coatings were processed at 0.15 
mm radius laser beam spot size.  
 
3) A minimum of 10 wt.% Fe is required in the chromium layer for good metallurgical 
bond. Molybdenum coating was found to be an alloy of molybdenum, 20-25 wt.% 
chromium, 6-8 wt.% iron and boron. SEM/EDS analysis did not show the presence 
of any intermetallic phases in both the intermediate and main coatings.  
 
4) The hardness of chromium layer was in the range 1050±50 VHN, whereas that for 
molybdenum coating was in the range 1100±50 VHN. The high hardness of 
chromium layer was due to the presence of boride phases, whereas that for 
molybdenum coating was due to its solid-solution strengthening with chromium, 
iron and boron.  
 
5) Chromium layer improved both the sliding-wear resistance and erosion resistance 
of the steel substrate by 2.5 and 3 times, respectively. Molybdenum main coating 
improved the sliding-wear resistance of the steel substrate by almost 10 times but 
deteriorated the erosion resistance by 4 times. In the case of molybdenum coating, it 
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7. Figure Captions 
 
Figure 1 - The “hatch” is defined as the distance between the centerlines of laser beam in 
subsequent passes as shown in this sketch. The “overlap” is a function of hatch and beam 
size.  
Figure 2 - Beam intensity profile of the fiber laser taken at 175W. The beam radius is 
measured at 13.5% of peak intensity as 0.15 mm as shown in this figure. 
Figure 3 - Optical macrograph of Cr coating showing its surface appearance.   
Figure 4 - Optical macrograph of Mo coating showing its surface appearance.   
Figure 5 - SEM micrograph of Cr coating.                                               
Figure 6 - SEM micrograph of Mo coating.     
Figure 7 - SEM micrograph showing the microstructure of Cr coating. 
Figure 8 - SEM micrograph showing the microstructure of Mo coating. 
Figure 9 - SEM micrograph showing the microstructure of reprocessed-Cr layer. 
Figure 10 - EDS linescan of Mo coating showing variation of Mo, Cr and Fe in the top 
175 microns. Note that the intensity is not normalized.  
Figure 11 - SEM micrograph showing cracks in Mo coating. 
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Figure 12 - Hardness variation across the thickness for Cr coating.       
Figure 13 - Hardness variation across the thickness for Mo coating. 
Figure 14 - XRD diffractogram of Cr coating showing the presence of various chromium 
borides and Fe-Cr solid solution. 
Figure 15 - XRD diffractogram of Mo coating showing the presence of Mo and Mo2B. 
Figure 16 - Sliding wear volume loss of Mo, Cr coatings and 4130 steel with respect to 
time for first 20 minutes showing their wear resistance. 
Figure 17 - Erosion volume loss of Mo, Cr coatings and 4130 steel with respect to time 





Table 1  
Physical properties of materials used in the experiments. 
 
Material Density (g/cc) Melting point (oC) 
Cr 7.2 1857 
CrB2 5.15 ~2200 
Mo 10.2 2610 
MoB 8.65 2180 




Precursor mixture composition for Cr layer and Mo coating. 
 
Cr* = 89.5 grams Cr + 10.5 grams CrB2 + 30 grams i-8 LISITM binder 




Chemical composition of AISI 4130 steel (weight %). 
 
C Mn Cr Si Mo P S Fe 








Screening parameters used initially for laser processing of Cr layer and Mo coating. 
 






Scanning Speed  
(mm/s) 
Cr* 200 – 225  150 – 220  0.1 – 0.25 20 – 30  


















Cr* 200 – 225  155 – 165  0.1 – 0.15 25 – 30  125 – 150  
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